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Abstract

We have studied some techniques for the synthesis of nonlinear systems. The sys-
tems considered here are those that can be characterized by a finite set of Volterra
kernels. The approach is to consider the kernels one at a time, by using as basic ele-
ments in the synthesis linear systems and multipliers. We present a procedure for
testing a given kernel transform to determine whether or not the kernel can be realized
exactly with a finite number of linear systems and multipliers. The test is construc~
tive. If it is possible to realize the kernel exactly, a realization is given by the test;
if it is not possible to realize the complete kernel exactly, but is possible to break the
kernel up into several lower degree components, this will also be discovered by the
test. An extension to nonlinear systems of the impulse-train techniques of linear sys-
tem theory is given. We develop properties of sampling in ronlinear systems, in
order to facilitate the use of digital techniques in the synthesis of nonlinear systems,
Bandlimiting in nonlinear systems is discussed, and delay-line models for bandlimited
systems are given. The transform analysis of nonlinear sampled-data systems by
means of the multidimensional z-transform is presented, Computation algorithms for
input-output computations are given for direct computation from the multidimensional
convolution sum, the associated partial-difference equation, and a decomposition of the
nonlinear sampled-data system into linear sampled-data systems. A relationship
between time-variant and time-invariant systems is presented, in which time-variant
systems are shown to be related to time-invariant systems of higher degree. This en-
ables one to use for linear time-variant systems the properties and techniques devel-
oped for second-degree time-invariant systems. A note on the multidimensional
formulation of nonlinear systems from the differential equation point of view is given;
it is geen that some nonlinear problems in one dimension can be mapped into a linear
problem in a higher dimensional space.
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1. INTRODUCTION

1.1 BRIEF HISTORICAL SKETCH

The use of functiona! analysis as a tool for the study of nonlinear systems was first
conceived by the late Norbert Wiener-.l Following his work, pioneering efforts toward
the engineering application of the theory of functional analysis in the representation of
nonlinear systems were made by H. E. Six'xgleton.z and A. G. l.%ose.3 who placed the
theory on a firm engineering basis for both discrete and continuous systems. Following
a series of lectures at the Massachusetts Institute of Technoloiy by Professor Wiener.‘
several others, among them M. B. Brillant.s D. A. George, and D. A. Chesler, 7
studied the theory of continuous nonlinear systems through the use of the Volterra func-
tional power series and the orthogonal Wiener G-functionals. A. D. Hause.8 George
Zames.9 Martin Schetzen.lo H. 1 Van "‘t'ees.“'lz and N. J. Sakric c.n13 subsequently
made useful applications and extensions of the theory. Several other: have contributed
at M.1. T. and elsewhere.

Functional analysis has proved to be a useful tool in the study of a wide class of non-
linear systems. It does not provide an all-encompassing theory; however, particularly
when compared with other approaches to the study of nonlinear systems, the startling
feature of the theory is not that it does not treat all systems, but rather that the class of
systems which it does treat is so very broad.

The basic equation of the theory is

)
y(t) = ho + Z S‘ .o S.hn('rl.. . .1’n) x(t--rl) oo x(t-fn) dTl. . .d-rn. {1)
n=)

where x(t) is the system input time function, and y(t) is the corresponding output time
function. The family of kernels

{hn(‘rl-....'rn):n=0. 1;2.-.} (z)

characterizes the system, in that knowledge of these kernels provides the means for
determining the output corresponding to a given input. Discussion of the scope and
properties of (1) and (2) may be found in the work of the authors cited above.

Methods for measuring the kernels of a system have been developed, 14,15
are being studiedl6; the correlation methods have been verified experimentally.l

It has been observed, originally by Wiener, that the nonlinear system of (1) can be
represented as a linear memory section and a nonlinear no-memory section, followed by
amplification and summation. This representation provides a basis for a general syn-
thesis procedure for the class of nonlinear systems represented by (1). It is based on the
expansion of the input time function in an orthogonal series, with nonlinear no-memory
operations being performed on the coefficients of this expansion. Although general and
very powerful, it may involve, practically, an unreasonably large amount of equipment.

and others
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1.2 THE SYNTHESIS PROBLEM

From both a practical and a theoretical standpoint, it is very desirable to develop
means of synthesizing a nonlinear system from the kernels through which it is charac-
terized. The development of some procedures for the synthesis of nonlinear systems
is the problem toward which this research is directed.

~ Several points are inherent in this development of synthesis procedures for nonlinear
systems. A finite set of kernels must be adequate for the repre:entation of the system
for the inputs of interest. The kernels must be at least approximately realizable with
a finite number of components selected for the synthesis. It is to be expected that some
means of synthesis may force the abandonment of the use of orthogonal expansions of the
input time function and some of the symmetricai properties of the kernels, both
extremely valuabie properties in the analysis of systems. Also, synthesis procedures
as general as that suggested by Wiener should not be expected to be efficient for the same
broad class of systems; restrictions on both the inputs to be allowed and the kernels
should be expected as the price to be paid in development of synthesis procedures.

Little prior work on the synthesis of nonlinear systems, other than the orthogonal
expansion of Wiener, has been done. Jordanlg found the optimum finite-term orthogonal
expansions of the input time function. Van Trees' n algorithm for the determination of
the optimum compensator for a feedback system provides a solution in terms of the ker-
nels of the optimum system. A thesis at Stanford University by Ming Lei Liou.w and
work by Schetzerxzo are recent contributions. Schetzen characterized those second- and
third-degree kernels that are exactly realizable with a finite number of linear sysiems
and multipliers, while Liou gives a procedure for the recognition of some simple struc-
tures of linear systems and polynomial nonlinear no-memory systems.

1.3 THE PRESENT APPROACH

We consider a finite family of kernels

{hn(‘rl....,‘rn):n-'-o.1.2....'N} (3)

and attempt to synthesize a system characterized by these kernels. We consider the
kernels one at a time and take as elementary building blocks linear systems and multi-
pliers. Any linear system that is realizable in the sense that its unit impulse response,
h(t), is zero for t < 0 is allowable. After synthesis with these elements is achieved for
each kernel of the family, simplification can be attempted. to yield a resulting system
that is an interconnection involving linear systems and nonlinear no-memory systems
whose input-output characteristic is given by a polynomial. We also consider sampled
systems, and the approximation of continuous systems by the sampled systems.

In Section II, the characterization and synthesis of kernels that are exactly realizable
wi'h a finite number of linear systems and multipliers is given. A detailed discussion



of the effects of sampling in nonlinear systems is presented in Section III. Simulatiun

of continuous systems by sampled systems is discussed in Section IV. L. Sections V

and VI a multidimensional Z-transform analysis for nonlinear sampled-data systems is
developed and used to discuss the synthesis of nonlinear sampled-data systems. An
extension to nonlinear systems of the impulse-train techniques which have proved to be
s0 useful for linear systems is discussed in Section VII. In Section VIII we present some
miscellaneous results that have been by-products of research into the synthesis problem.




Il. KERNELS REALIZABLE EXACTLY WITH A FINITE NUMBER OF
LINEAR SYSTEMS AND MULTIPLIERS

° Although, as demonstrated by Wiener, it is possible to approximate arbitraril
closely any absolutely integrable kernel with a finite number of linear systems and n

f,

linear no-memory systems, not all systems representable by a finite set of Volterra
? kernels can be realized exactly by means of these elements. We consider kernels of
i% the set

i fatrye-o oo )in=0,12,...,N}

one at a time. Since the tests developed to determine whether or not a kernel is exac
realizable by means of a finite number of linear systems and multipliers are construs
tive tests, we shall not only determine whether or not a kernel is exactly realizable, i
we shall, if possible, find a realization for the kernel. In the event that some portior
of a kernel is exactly realizable but the remainder is not, we shall discover this also,
again achieving a realization of as much of the kernel as possible.

We define a kernel transform pair by the relations

c+3°o o, +jo 8, 7.+...48 T
h(1.....7)=(m) S' e S 1 H (5,.....8) e 11 nngs . ..ds

| cl-j°° 1 n
, (4
;
: 400 400 -Sl‘l’l‘. .8 T

Hn(slltontsn) = S_w cee 5‘-” hn(Tla-.-'Tn, e n _n d‘rl-..dfn (5:

2.1 "CANONIC" OR BASIC FORMS

We shall develop "canonic® or basic forms for kernels that are exactly realiza
with a finite number of linear systems and multipliers. These structures are no
canonic in any minimal or precise mathematical sense; they are, however, can
onic in the sense that any realization by linear systems and multipliers can be plas
in these forms.

Consider, first, a second-degree kernel and its transform:

hz(fl.?z) “Hz(sl.sz).

It is clear that the most general second-degree system that can be formed with
one multiplier is as shown in Fig. 1. The most general second-degree system that
can be formed by using N multipliers is shown in Fig. 2. We shall find it convenie
to think of the system of Fig. 1 as a canonic form for second-degree systems, sin
all second-degree systems that can be realized exactly by means of a finite numbe
of linear systems and multipliers can be represented as a sum of these canoni
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Canonic second-degree system.
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Fig. 2. Second-degree system with N multipliers.




sections, as in Fig. 2.
The kernel of the cancnic section of Fig. 1 in terms of the impulse responses ka(t).
k.b(t). and kc(t) of the linear systems is

hz(‘rl.‘rz) = S‘k‘(?l-c) kb(‘rz-c) kc(c) de (6)
and the corresponding kernel transform is
K,(8,.8,) = K (8,) K. (5,) K_(8 +5,). | ™

Then for the system of Fig. 2, we have the kernel and kernel transform

(r .T)li k (r,-0o) {(r,=o) k(o) de 8)

&i7y'T ms‘ai 1 "bi 27 ¥e, (
N

G.,(s,.8,) = K, (s)) (s,) K_ (s,+5,). (9)

zlz‘z;aix"bizcixz

If a given kernel or kernel transform can be expressed in the form (8) or (9}, for some
N, then it can be realized with at most N multipliers; otherwise it cannot be real.
ized exactly with a finite number of linear systems and multipliers. Examples of both
types of systems are given by Schetzem.20

Let us now consider higher degree systems. It is clear that the canonic third-degree
system is as shown in Fig. 3. It contains five linear systems and two multipliers. In
Fig. 4 the same system is shown with the second-degree canonic form composed of ka(t),
kb(t). and kc(t) and one of the multipliers shown explicitly., The kernel and the kernel
transform of this canonic section are given by

k3('rl.'rz.13) = S‘Ske(ca) kd(fs-cz) kc(rrl) ka(-rl-o'l-cz) kb(fz-cl-vz) dcldcz (10)
Ks“x"z"s’ = Ka(sl) Kb(sz) Kc(sl+sz) Kd(ss) Ke(sl+sz+s3) (11)
or by
ky(7)07,075) = Ske(vz) ky(73=0,) Kyl =0,, 7,~0,) do, (12)
K,(8,.8,:85) = Kzlslsz) Kd(ss) Ke(sl+sz+s3). (13)

where kz(rl.-rz) is the kernel of the second-degree system shown explicitly in Fig. 4.
If a third-degree system has a kernel transform Hs(sl.sz.ss) which can be
expressed as




froeee 2o~ DAL oSNV -6 AR

Hs(sl.sz.ss) = §i Ka‘(sl) K‘bi(sz) Kci(‘l+’2) Kdi(ss) Ke‘(sluzm;) (14)
for some N, then it can be realized exactly with at most 2N multipliers. If it cannot be
expressed in this form, then it is impossible to realize the system exactly with a finite
number of linear systems and multipliers.

Now for the fourth-degree systems the situation is somewhat more complicated. Con-
sider the systems of Fig. 5 and Fig. 6. Each of them represents a fourth-degree system

—1 k()

kc(t)

—t—i k (t)

<x>.._. k() f—o

] ky(t)

Fig. 3. Canonic third-degree system.

—— CX)-——- k (t)

— k(1) —

Fig. 4. Alternative form for the canonic third-degree system.

and each of them is composed of seven linear systems and three multipliers, but the two
forms are essentially different; that is, no block diagram manipulations can reduce one
of these forms to the other. Hence, for fourth-degree systems, we have two canonic

sections. It is clear that any fourth-degree system that can be realized with three or




(a)

> ka(Tl.‘tz.‘ta)

— & » =

(d)

Fig. 5. First canonic form for fourth-degree systems.




-— k22('1"2) -—

Fig. 6. Second canonic form for fourth-degree systems.

Fig. 7. Fourth-degree system with two multipliers.
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less multipliers can be arranged into one of these canonic forms. For example, the
fourth-degree system shown in Fig. 7 can be placed in the form of the section of Fig. 6.
The kernel and kernel transforms for the canonic form of Fig. 5 are given by

kgy(T)o7p0737,) = .U kglo3) kylrymo3) koloy) kylry-e,-0,) k (o)) kp(ry=0)=0y=0,)

k.(fl-cl- 2-03) do’ldcrzdo's (15)
K41"1"z"3"4’ S Ka(sl) Kb(sz) Kc‘81+82) Kd(ss) Ke(sl+sz+83) Kf(s4) K‘(sl+sz+s3+s4)

(16)
or

k4l"l'72'73"4; = S‘ kg(cs) kt(74-a'3) k3(71-03. T 04 ?3-v3) clcr3 (17)
K4l(°1'°z"3's4) = Ks(sl.sz.ss) K‘(s4) Kg(31+sz+53+34” | (18)

where ks(‘rl.?z.?a) is the kernel of the third-degree section within the fourth-degree
section.
For the canonic form of Fig. 6, the kernel and kernel transform are given by

k42"l'72'73'74’ = S‘S‘ kg(c3) kf(cz) kc(o'l) ka(fl-cl-cs) kb(-rz-cl-cs) kd(1'3-crz-o'3)
ke(f4-cz—¢3) dcldczd0'3 (19)

K{Z"l'82'33'34) = Ka‘sl’ Kb(sz) Kc(sl+sz) Kd(ss) Ke(s4) Kf(ss+s4) Kg(sl+sz+ss+s4)

(20)
or
k42(71’72'73'74)_ = ykg(cs) kZl(Tl-'Y vz-c3) kzz(fs-cs. 1'4-c3) dc3 (21)
K4z(sl.sz.83.s4) = KZI(sl.sz) K22(33.34) Kg(sl+sz+s3+s4). {22)

where kz l(?l.?z) and kzz(fs.-r 4) represents the second-degree canonic section within
the fourth-degree canonic section above.

If a given fourth-degree system is characterized by a kernel transform H 4‘81'52'53'34)
which car be expressed as

N N
H4(sl.sz.s3.s4) = z K41 (81'82'33'84’ + fl(‘z (81.82.83.84) (23)
i=} i i=1 i

for some N 1 and Nz. then the system can be realized exactly with at most 3(N1+Nz)
multipliers. If the kernel transform cannot be expressed in the form of (23), then it is
impossible to realize the s8ystem exactly with a finite number of multipliers.

For higher degree systems we shall have more canonic sections. A fifth-degree sys-
tem may be formed as the product of a fourth-degree and a first-degree system, and the
fourth-degree system may be obtained in either of the two forms given above, or we may

10



3.2

(a) Tree for a fifth-degree system

b. ' —

—— “.1 n—

Fig. 8.
242 5.1 :
Trees showing canonic structures.
3.2 .
K 1) p—
e 802 6
202
K D Jpa——

(b) Tree for a sixth-degree system

obtain the fifth-degree system as the product of a third-degree system and a second-
degree system. A sixth-degree system may be obtained as the product of a fifth-
degree system and a first-degree system, a fourth-degree system and a second-degree
system, or a third-degree system and a third-degree system, with all possible forms
for each.

Although this nomenclature of canonic forms rapidly becomes complex as the degree
of the system is increased, we may use the concept of a tree to summarize the process
concisely, and to arrive at an expression for the number of different canonic sections
existing for an nth-degree system. The trees for the fifth.degree and the sixth-degree
cases are shown in Fig. 8.

To form the tree for, say, the fifth-degree system, we proceed from right to left. A
fifth-degree system may be formed from the product of a fourth-degree system and a
first-degree system, or from the product of a third-degree system and a second-degree
system; we need, in moving to the next level of the tree, consider only the fourth-degree,
third-degree, and second-degree systems. The third-degree and second-degree systems
have only one canonic section; hence the tree branch corresponding to this product termi-
nates there. The fourth-degree system must be broken down further, and hence this
branch of the tree continues, spreading out still further, until a level at which only one
canonic section exists is reached.

11
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Fig. 9. Tree for an eighth-degree system.
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A complication arises in the tree for the eighth-degree case, Fig. 9. Here we find
a branch corresponding to a product of two fourth-degree systems; at this point we must
expand the tree in both directions until we arrive at branches having only one canonic

section, as shown in Fig. 9.
We may now observe that the number of different canonic sections, C(n), for an nth-

degree system is obtained from the expression
[n/2]
Cin) = z C(n-k) C(k), n>2
k=1
C(1)=1,
where [] denotes the greatest integer function. For =sxample, the number of canonic
sections for a = 7 is given by (24) as

C(7) = C(6) C(1) + C(5) C(2) + C(4) C(3) (25)
From Fig. 8, or repeated use of (24), we have C(6) = 6, C(5) = 3, C(4) = 2, and C(3) =

C(2) = C(1) = 1, and hence from Eq. 25, C(7) = 11.
For n = 8, we have

C(8) = C(7) C(1) + C(6) C(2) + C(5) C(3) + C(4) C(4) = 24 (26)

(24)

The tree corresponding ton = 8 is shown in Fig. 9.

From the tree we may write the form of the kernel transform of each canonic section -
by inspection, using the product rule and cascade rule for system combination given by
Geox‘ge.b For example, from the tree for the fifth-degree system (Fig. 8a) we may write
the kernel transforms of each of the three different canonic sections for fifth-degree sys-
tems; for the canonic section corresponding to the uppermost path of the tree, the kernel
transform is written by inspection as

Ks(sl.sz.sz.s4.ss) = K3(sl.sz.s3) K“(s4) Klz(ss) Kl3(sl+82+s3+s4+85)' (27)

where Ks(sl.sz.s3.s4.35) is the kernel transform of the corresponding fifth-degree
canonic section, K3(51'82'83) is the kernel transform of a third-degree canonic section
of (11) and Fig. 3, and K“(s). sz(s). and K”(s) are the kernels of linear systems.

Thus we see that by forming the tree, and following each path in the tree, we may
obtain quickly the form in which we must be able to express the kernel transform of an
nth-degree system in order that the system be realizable exactly by a finite number of
linear systems and multipliers. For higher degree systems the expressions will not te
simple, but we have exhibited a procedure for obtaining them with a minimum of effort.

Hence, given the kernel transform of an nth-degree systemn, we may test that trans-
form to determine whether or not it is realizable exactly with a finite number of linear
systems and multipliers.

It should be noted that, in any particular case, it is not necessary to perform the test
of a kernel for exact realizability in one step. One proceeds by means of a sequence of

13




simpler tests from the higher degree side of the tree through the lower degree branches
as far as possible, Following any path completely through the tree indicates that exact
synthesis with linear aystems and mulitipliers is possible; if it is impossible to follow any
path completely through the tree such synthesis is not possible. Even when an exact
synthesis is not found, proceeding as far as possible through the tree reduces the syn-
thesis problem from the synthesis of one higher degree kernel to the synthesis of sev-
eral lower degree kernels, which constitutes a significant reduction.

2.2 EXAMPLES
The procedures discussed above are illustrated in the following examples.
Example 1

Consider the kernel transform
H,(5,.5,.5;,8,) = 54/(51szs3s4+2slszsa+slszs4+sls3s4+szs3s4+281sz+2s]53+Zszs3

+sls4+szs4+s3s4+281+Zsz+2s3+s4+2). (28)

If this kernel is to be realized exactly with a finite number of linear systems and multi-
pliers, we must be able to express it in the form of (23). To determine whether this is
possible, we shall first try to express (28) as

H4(81'82‘33"4) = F(Sl'52'83) G(s4) H(Sl+sz+53+s4)

or by a similar expression with the variables permuted, which corresponds to one of the
branches in the tree for a fourth-degree syste.n. We note that it is only necessary to
consider the denominator, which we will denote D(sl,sz.sa.s4), since we could, if neces-
sary, take the numerator one term at a time. We set the variables equal to zero three
at a time to obtain

D(0.0.0.54) =85,+2 (29)
D(0.0.ss.O) = 283 +2 {30)
D(O.BZ,O.O) = Zsz +2 (31)
D(Bl.0.0.0) = 28l + 2. (32)

Since Eqs. 29-32 have no common factor other than unity, the only possible H(') is unity.
Also, the only possible G(s4) is, from (29), G(s4) = (s4+2). To see if this is indeed a
factor, we divide D(sl.sz.s3.s4) by (s4+2) to find that

D(sl.sz.ss.%) = (s4+2)‘slSZS3+sl82+8183+8283+sl+52+53+”' (33)

Now, with the help of Eqs. 30-32, we recognize the second factor in (33) as (sl+l)(sz+l)
(834»1). and thus have

H4(8 .52.83.84) = 8: 3 ! \ (34)
1 84 (sl+l)(sz+l)(s3+1)}

14
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Hence this kernel can be synthesized as shown in Fig. 10.
Example 2 '

Consider the kernel transform given by

8

" 2 2 2 s
2

‘ 2
"“(llolznﬂ‘aoﬁu) s (31”2)/('1'2'335 + 88,85 ¢33
‘ 2 2
+ 6:132333“ * 651:2333“ + 78
2
+ 2:1323

2
3
2 .
1825335, * 73,8

+ 25 8.8 + U2s

2

3

2 .2

1%3% 132%3%
2

s.s, ¢ 631323“

2 2
+ 12313233 ) 631323“ + 10s 253

2 2
+ 10313233 * 631323“ + lus

4+ 8s. 3.5 ¢ 8s.a.s

&

+ 60s. 3,8

1
2 3
1 152%;

&N

2
+ 36’1’2’!& + 56'1’3’!& + 3532333“ + 83132

2 2 2 2 2
+ 8’1.2 + 2031 v 12313“ + 103233 + Gszs“

2 2 2 2 2
+ 163133 + 8’1’u + 103233 + 5323,‘ + 6’3"";

173

2
¢ 6333“ + ueslsz + 80s.s, + ueslsu

2 2
+ nzsas + 168, + 832

+ 5088, ¢+ 30323 4 1

273 %

2 2
+ 1.233 + Bs“ + susl + “032 + 6033 + 363“ + 48)

(35)

Again, we try to put the denominator D(sl.sz.ss.oé) into a form corresponding to the
3-1 branch of the fourth-degree tree. We find first

D(O.O.O.s4) =365, + 48 = xz(3s4+4) (36)
2
D(O.O.s3.0) = 1285 + 6033 +48 = 12(s3+4)(83+l) (37
2
D(0,s,.0,0) = 8s, + 40s, + 48 = 8(sz+3)(sz+2) (38)
D(s,0,0,0) = 16s‘} + 645, + 48 = 16(s +3)(s,+1) (39)

Examination of Eqs. 36-39 shows that no common factor other than 4 exists. Hence no
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Fig. 10. System with the kernel of Example 1.

factor of the form H(sl+sz+ss+s4) can exist other than H(-) = 4, We next attempt to
find a factor that is a function of only one of the variables §15,18418 however, division
of 0(51’52'53'54) by each of (36)-(39) shows that such a factor cannot exist. We cannot
follow the 3:1 branch of the tree.

We then attempt to follow the 2-2 branch, or to express D(sl.sz.s3.s4) as
D(sl.sz.ss.s“) = Hz(sl.sz) Kz(ss.s4) (40)

or by a similar expression with 8,2851 84,8, permuted; we have already found that no
nontrivial factor of the form H(sl+sz+s3+s4) can be present. Hence we write
2,,.2, .2

- 2
D(0.0.83.84) = 6(s3s4+s3s4+2s3+s4+7s3s4+lOs3+6s4+8). (41)

If a factor Kz (s3.s4) exists, it must be contained in (4]). Division of D(sl,sz,s3.s4) by
(41) is successful, yielding a second factor, and we have reduced (35) to

( 81+82
H,(s,.,5,,8,.,8,) =
471727374 2 2 2 2

'182 + s.ls2 + 25l + s2 + 6'sls

2+881-|>882+6

1

(42)

z L
4 + 78384 + 10133 + 6s4 + 8)

[
‘€§s4 + sSsi + Zs§ +8
We have now reduced the problem to synthesis of two second-degree systems. Note

that at this point we are not yet sure whether or not either of these second-degree sys-
tems is exactly realizable with a finite number of linear systems and multipliers. We
may, however, examine each second-degree system separately, using the techniques
of Schetzen.20 or continuing with the methods used above. We find that we may realize
each of them, with the system whose kerrnel transform is given by (35) then being syn-
thesized as shown in Fig. 11,
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Example 3
Consider the second-degree kernel transform given by

2 “8\ _ 2 L8
ll(l-sz-e ) - sz(l--sl e )

H (3 '8 )- .
2'°172 | .?‘.‘2(82_81,

s
(43)

Denote the numerator of this expression N(sl.sz) and the denominator D(s l.lsz). We
observe that the kernel transform cannot be put in the form (9) unless N{s 1’ sz). as well

1 s
a8+l = - :::;
1 1
92 "

Fig. 11. Realization of the kernel of Example 2.

as D(s’.sz). contains the factor (sz-sl). Setting 8,=8,=8, we find that N(s,s) = 0. We
next attempt to factor (sz-s l) out of N(sl. sz). In order to divide out this factor, how-
ever, we must expand the exponential terms in their Taylor's series. Before doing this,
it is convenient to rewrite N(sl.sz) as

s =B -8 -8 -8
2_ 2 __2_ "2_2 2, 2. ") 1_ 1
N(sl.sz)s 8] sls2 s) e sz+slsz+sze +s]sze slsze
-8 -8
2 2
+ slsz e - 8,8, e . (44)
-8, -8,

Here we have added and subtracted 5,8,€ and 8,8, . We may then write N(sl.sz)
as

-8, -s, -8, -8,
N(sl.sz) = slsz(sz-sl) - sz(sz-sl)(l-e ) - 31(82'81)“"" )+ slsz(e -e “). (45)

We note that (sz-s l) is a factor of each of the first three terms; in addition the last
tevm is zero for sl = 8, but (sz-sl) cannot be factored out to leave a closed-form

expression.
We will treat each term separately, writing Hz(s l.sz) as

17
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SeR

it B 1_.7%
H,(8,,8 )z —--12¢ __l-e " e e .. (46)
27172 88, G2, 5.8 a8 (8,-5) |

182 152 1%2(8,78,

We .nay now focus attention on the last term; of this term, consider the factor, which
we denote F(s l.sz).
-8 -8
e !-eo 2
82~ 8

‘F(ll.lz) =

Expand the exponentials in their Taylor's series, to obtain

§2 &) ot 62 g3 gt
1-8 +5t-—t4L- -l-8, t22-224+-2-
17217 31 2721 31 v

a0
F(s 18,) = -
1'72 sz sl
sz-sz 83-83 34-34
' -8 - z l+ z l-—; l+.o-
L2 1 24 3 4!
8,7 5
sz‘rsl sz+ss +ss2 s3+s sz+s?’s +s3
-]~ + 2 172 1_ "2 172 172 l+“_. (47)
2! 31 4!

Now, although we cannot write this in closed form, and hence cannot realize H(sl.sz)
exactly with a finite number of linear systems and multipliers, we can approximate
Hz(sl,sz) with a kernel that is exactly realizable with linear systems and multipliers

as closely as we wish by taking as many terms as needed of (47). U we are only inter-
ested in the low-frequency behavior of the kernel, only a few terms may suffice. Thus
we cannot realize this kernel exactly, but applying the tests we have developed to deter-
mine whether or not the kernel was exactly realizable with a finite number of linear sys-
tems and multipliers led in this case to an approximation procedure that gives very good
approximations for low frequencies.

The following points should be observed from the preceding examples and discussion.
First, it is clear that the examination of a kernel to determine if it is exactly realizable
may be a lengthy and tedious process. By the use of a tree the labor required is sys-
tematized, however. In addition it should be noted that algebraic computation can always
be reduced to a first-degree problem, enabling one to use the conventional factorization
techniques, although it may be convenient, as it was in Example 3, to do some simpli-
fication at a higher level than a one-dimensional problem. Although tedious, the pro-
cedure is systematic and feasible, resulting either in a realization of the kernel, the
realization of as much of the kernel as possible, or the assurance that nothing can be
done to realize the kernel exactly with a finite number of linear systems and multipliers.
We may, in the examination of a kernel, find a good approximation even when an exact
synthesis is not possible; this is a fortuitous by-product in some cases.
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Fig. 12. Nonlinear feedback system.

2.3 COMMENTS ON FEEDBACK STRUCTURES

In Fig. 12 a system characterized by a nonlinear operator H is connected in a feed-
back configuration. The input time function is x(t) and the output time function is y(t);
the function on which H operates is denoted e(t) = x(t) + y(t). The relation between x(t)
and y(t) is given by an operator G. When nonlinear systems are connected in feedback
configurations, as for example in Fig. 12, the input-output relationship of the resulting
structure can sometimes be approximated by a finite number of terms of a Volterra
series expression; it can never be represented exactly by a finite number of terms. That
is, even if the nonlinear operator H can be characterized by the second-degree Volterra
kernel alone, so that y(t) is a second-degree functional of e{t), it is still not possible to
represent y(t) as a finite-term Volterra functional of x(t).

Thus if we consider the kernels of a family one at a time, any exact synthesis must
rule out feedback configurations; however, some discussion of feedback structures is
pertinent. Zames21 has tabulated the kernel transforms of the kernels of the Volterra
representation of the operator G of the feedback structure in terms of the transforms
of the Volterra kernels of the nonlinear operator H. The first few of these is given in
Table 1 for convenience. Note that the relationships are formal in nature; if the appro-
priate Volterra expressions exist, then the relationships hold, but special care must be
taken to insure that the Volterra series for the feedback structure actually exists, that
is, converges and represents the feedback structure for inputs of interest. We discuss
only the formal relationships here, referring to Zames for a discussion of the conver-
gence problem. The expressions in Table 1 differ somewhat from those given by Zames,
since we have used positive feedback and Laplace transforms rather than negative feed-
back and Fourier transforms,

From the expressions of Table 1 we make the following observations. First, sup-
pose that the nonlinear system within the loop, that is, the open-loop relationship, is
realizable exactly by a finite number of linear systems and multipliers. Then, we see
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Table 1. Kernel transforms for the feedback structure of Fig. 12,

H (s,)
1'"1"1)

‘7 “2('1"2)
¢ )=
Gy(s48, [1-H, (s, +8,)]02-H, (s, ) J(1-H, (s,))

1 1

' P

1-H (s,48,48,) n (1-H (s,)]
isl

ca(ul.sz .33) s

H2(31.32933 )H2(32 .33) >

o[ N )¢+ 2
(3(01.02.03 1."1('2’83)

that each of the kernels of the closed-loop system is also exactly realizable with a finite
number of linear systems and multipliers, Second, given a finite family of kernels,
suppose that we have found a realization for each of the kernels in terms of linear sys-
tems and multipliers; if the family of kernels can be approximately realized by a feed-
back structure, then this possibility should be suggested by the repetitive nature of the
structure for each of the kernels.
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111, SAMPLING IN NONLINEAR SYSTEMS

Digital operations have become recognized as extremely powerful tools in modern
control and communication systems. In order to study the possibility of using a digital
computer effectively in the study of a nonlinear system we must first understand the
effects of sampling in nonlinear systems. We shall now consider nonlinear systems
representable by a single term of a Volterra series, and examine in detail the effects

of sampling operations at the input and at the output.

3.1 IMPULSES AND NONLINEAR NO-MEMORY OPERATIONS

In the system shown in Fig. 13, the nonlinear system is characterized by the kernel
h (f 0., 7 ), X(t) i8 the input, x"(t) is the sampled input, y(t) is the output, and y" (1

"“_)_._____/f_’_‘.'.(.ﬂ_ LCINTPI ..__!_(}..).._.)r.__.._.__!‘(t)

‘r1 1'°

Fig. 13. Nonlinear system with sampled input and output.

is the sampled output., The input and output samplers operate with sampling intervals
T, and To' respectively.
The input-output relation for the nonlinear system is

400 +00 . »
yit) = S-w cee S‘_” hn('rl. ooy 7n) x (t-vl) cee X (t-'rn) d'rl. . .d‘rn. (48)

The kernels h n(-r 1o -rn) and the sampled inputs x.(t) that are permissible deserve
close attention. Consider, in this connection, the situation in which a unit impulse is
applied to a squarer. Both the squarer and the impulse are ideal models of physical
situations. Both are useful models, but together they constitute an incompatible situation.

Regardless of how we represent the impulse as the limiting behavior of a sequence
of pulses, and even though we do not look at the limit until we have formed a sequence
of output pulses that are the squares of the input pulses, the response of a squarer to an
impulse is infinite, not only in amplitude, but also in area.

The difficulty here is in the nature of the models. The squarer places emphasis on
the amplitude of its input; no other feature of the input is considered. The impulse,
however, places emphasis on the area or weight of a signal, Nonimpulsive inputs and
no-memory systems such as squarers are compatible, impulses and linear systems are
compatible, but impulses and nonlinear no-memory systems are simply not compatible.
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A convenient model for the sampling operation is the "impulse-train rncdulator.” The
output of the sampler is taken to be a sequence of impulses at the sampling times, with
the areas of the impulses equal to the amplitudes of the input at the sampling instants.
Using this model, we have

+00

x'(t) = Z x(kT) u_(t-KT). | (49)

k: -0

We note that in order for (49) to be meaningful we must exclude impulses from the
input x(t); we may permit jump discontinuities in x(t).

But, if this impulsive input x.(t) is to be presented to a nonlinear system, as in
Fig. 13, we must restrict the kernel h (vl. cees T ) of the system so that nonlinear
no-memory operations on the sampled input are excluded This is convemently accome
plished by requiring that h ‘Tl, ceesT ) have no impulsive components.

A common artifice is to require that some type of hold circuit follow the sampler, as
in Fig. 14, whenever nonlinear systems are considered. The hold circuit may assume
any of several forms.22 the cardinal hold, zero-order hold, first-order hold, exponential
hold, and others.

x(t) 5/ xt(e) | % (1)
- HOLD e —

T

Fig. 14. Sampler with hold,

[ ]
nf(t) HOLD B (T geeest,) y(t)
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Fig. 15. Nonlinear system with hold.

We 1nay think of the hold circuit in cascade with a nonlinear system, as in Fig. 15,
as a new nonlinear system. As long as the hold is linear, the cascade combination may
still be represented by an nth-degree kernel; moreover, the kernel of the combination
will not contain impulsive components.

When the nonlinear system is characterized by a kernel that has no impulsive



L ]
x(t) NLNN y(t) )r R A2

T

(b)

Fig. 16. Models for sampling with nonlinear no-memory systems.

components, that is, when h n(Tl. ceuy -rn) is not impulsive, the hold circuit is not essen-
tial to a compatible physical model.

A nonlinear no-memory operation in a situation in which we wish to introduce
sampling may be modeled as shown in Fig. 16a or 16b. In either case, y.(t) is the same,
provided that the hold circuit repeats the amplitude of x(t) at the sampling instants; the
model of Fig. 16b simply avoids sampling before the nonlinear no-memory operation.

3.2 SECOND-DEGREE SYSTEMS WITH SAMPLED INPUTS

Consider the system shown in Fig. 17. The system Nl is a second-degree aystem
with the kernel hz(fl, 72). We exclude kernel: having impulsive components. The input
x(t) is sampled by an ideal sampler, 8o that x (t) is a sequence of impulses of area x(kT)
occurring every T seconds, We assume that s(t) has no impulsive components. The
output y(t) is not sampled.

If the output of the sampler is a single-unit impulse, the system output y(t)
is given by

x(t) — )r x*(t) hy(tyat,y) N y(t)

Fig. 17, Second-degree aystem with sampled input.
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ylt) = h,(t, 8. (50)

Hence the response to a unit impulse is completely determined by the values of the ker-
nel for which the arguments n and T, are equal; that is, by the values over the line
passing through the origin at 45° to each of the axes, as shown in Fig. 18, As indicated,

%2
Fig. 18.
Portion of the (Tl, -rz)-plane that
t e is significant in the response to

a single impulse.

however, the scale along the ™ and the T, axes is given by the time scale; hence the
scale along the 45° line is N2 times the time scale, Thus, although the impulse
response is hz(t, t), if we wish to interpret the section of the surface over the 45° line as
the output corresponding to the impulsive input, then we must scale the abscissa values
along this line by the factor 1/NZ. This is accomplished conveniently by projecting into
either the ™= 0 plane or the (-rz=0)-p1ane. To find the response to a unit impulse, then,
we look in the (tl=1-z)-p1ane and project.

Now suppose that the sampled input is a sequence of unit impulses:

[- -] .
x:(t) x Z u  (:-kT). (s1)
k=0

Then the corresponding output is found to be

[ 00
yit) = z z h, (t-§ T, t-kT). (52)
k=0 j=0

Again, the response depends only on certain values of the kernel, and not on the entire
surface of the kernel. Observe that in each term of the double sum, the variation in each
of the two variables is the same; hence each term ig given by the values of the kernel
over a line parallel to the L= T line and intersecting the T, or T, axis at some
multiple of T units, as indicated in Fig. 19.

Insight can be gained by examining the output y(t} in (52), term by term. The term
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‘for k = j = 0 is simply h,(t,t), the response to a unit impulse discussed above. The
terms for k = j = n are given by h, (t-nT, t-nT) and hence are the same as the k= j=0
term, except shifted nT units in time. The situation is clearer if we rewrite (52) as

o0 [ ¢
yit) = z hz(t-nT. t-nT) + Z hz(t-j'r,t-k'r) + z hz(t-jT. t-kT). (53)
n=0 k>j>0 0<k<j

At t = 0, when the first impulse is applied, the output begins just as if the system
~ were a linear system with the unit impulse response hz(t, t); that is,

yit) = hz(t. t) 0<t<T, (54)
Now at t = T, the second impulse is applied and the output becomes

y(t) = hz(t. t) + hz(t—T, t-T) + hz(t. t-T) + hz(t-T. )y T =<tc2T. (55)

If we were dealing with the linear system characterized by hz(t. t), we would get the first
two of these terms, The nonlinear character of the system is now evident; however, we

2 /

. / / Fig. 19.

aT Portion of the (71,1-2)-p1ane that
is significant in the response to a

2T sequence of impulses.

T .

N
T 2T 3T ur |, . .

have in addition the last two terms. At time t = 2T, all of these terms will start over,
just as hz(t-T. t-T) appeared at t = T, and we shall also pick up two more terms, deter-
mined by the next two 45° line sections of the kernel of the system, At t= 3T we shall
again find new components in the output, and so on.

Eventually, the output will reach a steady-state response. This steady-state response
will be the response to an input

o0

x;(t)= z u, (t-kT). (56)

k=~00

25




It is interesting to note that, for the inputs considered, we can think of the output as
having been formed by applying the same input to a linear systeran constructed as follows:
Préject all the 45° line sections of hzh‘. «rz) into the =Ty plane, add all the curves,
and project the ﬂsum into the ™= 0 plane. The resulting function is the desired impulse
response

0
ht) = hy(t,t) + Z [h, (t-nT, t) +h, (¢, t-nT)]. (57)
k=1 ‘

The response of this linear system and the response of the second-degree system
with the kernel hz(-rl. -rz) will be identical for inputs (52) and (56). Note, however, that
this is a property associated with these specific inputs. If we change the inputs, that is,
change the weights of the impulses in the input sequence, the output of the linear system
and the output of the second-degree system will no longer be identical. We would need
to change the impulse response of (57) to follow the change in the input in order to main-
tain identical outputs. Thus we abstract from the kernel of the nonlinear system a linear
system relating a particular input-output pair.

3.3 HIGHER DEGREE SYSTEMS WITH SAMPLED INPUTS

The response of higher degree systems to sampled inputs retains most of the proper-
ties described above for second-degree systems. A single-unit impulse applied to a

Fig. 20. Portion of T)»T2» T3 Space that is significant in
determining the response to an impulse,
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third-degree system characterized by the kernel hs(-rl. T 73) yields an output h3(t. t, t).
In Fig. 20 the portion of the domain of the kernel cn which the impulse response depends
is shown. The response is completely determined by the values of the kernel for
T T2 Ty along the line through the origin at 45° to each of the axes., The scale along
this line is V3 times the time scale along each of the axes.

For an nth-degree system a similar situation applies. The scale factor in the

. nth-degree case is N'n, although the graphical interpretation is not possible.
The response of the third-degree system to a sequence of impulses xr(t) is given by

w 0

y(t) = z Z z h, (t-iT, t-jT, t-kT). (58)
i=0 j=0 k=0

This sum can be rearranged to be

[- ]
yit) = Z h3(t-—nT. t-nT, t-nT)
n=0

[ -] [ ]
+3 z z h3(t-nT, t-nT, t-(n+k) T)
n=0 k=!

[~ ] [- ]
+3 Z z h3(t-nT, t-(n+k) T, t=(n+k) T)
n=0 k=1

o0 90 o0
+6 Z Z Z h,(t-nT, t-(n+k) T, t-(n+j+k) T), (59
n=0 k=1 j=1

where we have grouped together all terms in which all three arguments are equal, in
which two of the arguments are equal, and in which no two of the arguments are equal,
and have assumed a symmetric kernel.

The response in this case is thus completely determined by the sections of the kernel
for which the arguments lie on lines at 45° to each of the axes, intersecting the planes
"= 0, Ty = 0, and Ty = 0 in a uniformly spaced grid T units on a side, over the positive
quadrants of the planes.

For 0 €t < T, the response is h3(t.t. t); for the next interval we have

yt) = h3(t. t,t) + hs(t-T, t-T, t-T) + 3h3(t. t,t-T) + 3h3(t, t-T, t-T), (60)

and again the nonlinearity becomes evident on application of the second impulse of the
sequence. In subsequent intervals more new components will appear in the output. As
in the second-degree case, we can abstract from the kernel a linear system relating this
specific input-output pair. The impulse response of this linear system is given by
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k)
h(t) = hS‘t' t.t) + 2 hS“' t, t-kT) + 3

hy(t, t-KT, t-kT)
k=1 k=)
Q_; [ ]
+6 Z Z hy(t, t-KT, t-G+K) T). | (61)
k=1 j=1

In the general nth-degree case, the response to x:(t) is

[ o
yit) = z z h (-1, T,...,t-4 T). (62)
1,20 i;=0

Expressions of the form of (61) for the nth-degree case are extremely complicated, It
is clear, nowever, that only certain slices of the kernel are significant in determining
ihe response to a sequence of impulses; for sampled inputs, only the "45° line sections"
are important. Thus for sampled inputs, kernels that agree along these lines are com=
pietely equivalent.

3.4 INPUT AND OUTPUT SAMPLED

Returning to the situation shown in Fig. 13, consider the relation between the
sampled output y*(t) and the sampled input x*(t). The sampled output is a sequence of
impulses of areas

o0 L4
y(pTo) = z oo Z x(lei) oo X(knTi) hn(pTo-lei. cees pTo-knTi), (63)
n:-oo kl=-—w

where x(lei), e ’x(knTi) are the input sample values.

We have obgerved that only the 45° line sections of the kernel surface are important
when the input to the system is sampled; from (63) we see that only isolated points on
the surface of the kernel are important in determining the sampled output. The remain-
der of the kernel has no effect on the sampled output,

Sampling at the input restricts attention to the 45° lines; sampling at the output fur-
ther restricts attention to the points along the 45° lines-at intervals of To units,
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KIV. SIMULATION OF CONTINUOUS SYSTEMS BY SAMPLED SYSTEMS

It is often convenient to replace a continuous system by a sampled system; for
example, when a digital simulation of a continuous system is to be used. We can take
one of two approaches: either we try to find a sampled-data system that performs
exactly the same operation as the continuous system or we try to find a sampled-data
system that approximates the operation of the continuous system, with the approximation
becoming better and better as the sampling interval is made shorter and shorter. The

x(t) y(t)

Fig. 21. Nonlinear system.

first approach is useful when the input and the system are bandlimited. If the system is
not bandlimited, then we rely on the second approach. We shall discuss the approximation
of the convolution integral by a sum approaching the integral as the sampling interval is
decreased. Then we shall discuss the bandlimited situation, including the implications of
bandlimiting in nonlinear systems, as well as modeling and simulation of these systems.

4.1 APPROXIMATION OF THE CONVOLUTION INTEGRAL BY A SUM

We consider the approximation of a multidimensional convolution integral by a sum-
mation approaching the convolution integral in the limit of small sampling intervals. In
Fig. 21 a nonlinear system H with input x(t) and output y(t) is shown; we shall assume
that H can be characterized by a single kernel hn(fl s s ooy fn) and that hn(fl ye e ,Tn, and
x(t) have no impulsive components. We wish to sample the input and the output and find
a sampled-data system that will approximate the continuous system as the sampling inter-

val, T, is decreased.
Consider first the linear case, n = 1, The input-output relation is then given by

y(t) = Shl(fl) x(t-7,) dr,. | (64)

There are, of course, many ways to approximate this integral by a sum. We shall dis-
cuss a method closely related to and easily modeled by a sampled-data system, and sub-
sequently extend this method of approximation and model to higher degree systems.

We construct an approximation to hl( rl) as follows. Partition the abscissa, Ty into
uniform intervals of length T, with the origin falling at the center of an interval, as shown
in Fig. 22. Construct a stepwisc approximation to hl(vl), taking as the amplitude of each
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Fig. 22, Approximation of first-degree kernel.

segment the amplitude of hl(T l) at the midpoint of the interval, Now consider the step-
wise approximation to be a sequence of pulses of width T and height hl(kT). Replace
each pulse by an impulse of the same area, occurring at the midpoint of the interval.
Then we obtain an approximation ‘

AY

: »
hl"l)= 5 hl(kT) uo(fl-kT). (65)

k:-—w

Substituting (65) in (64) and observing the out;;ut y(t) att = pTo yields

0
y(Ty) = E h, (kT) x(pT -kT) T. (66)

k=00

AsT=0and T o™ 0, we make the formal replacements
T -dTl

kT-»'rl

pTo-t

and obtain the convolution integral (64). We can represent (66) as shown in Fig. 23 with
n = 1. The amplifier with gain T is necessary in order that the sampled system approach

the continuous system as T is decreased.
For the second-degree case, n = 2, the input-output relation of the continuous system

is
y(t) = SS hz(-rl,v-z) x(t-fl) x(t-rz) drldrz. (67)

To find an approximating sum for this integral we find an approximation to hz(-rl ) T Z).
Partition both the T, and the v, axes as described above in the linear case; forming the
Cartesian product of these partitions yields a uniform partition of the 1'T2 plane. Form
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x(t) ot ;_""‘ wn..ln IS hn(‘l"""n) - 4 ’(t’

Fig. 23. Approximation of a continuous system. .

a2 stepwise approximation to hz(r l.fz), taking as the amplitude of each segment the
amplitude hz(kl'l',k T) at the midpoint of each two-dimensional interval. Consider this
approximation to be a two-dimensional sequence of pulses and replace each pulse with
an impulse of the same area occurring at the midpoint to obtain for the two-dimensional
kernel

a0 00
hytr,,7,) = E 2 hy(k, T, k,T) ug(r, =k, T) uglr,~k,T) T. (68)
kzz-oo kl=-co

Substitution of (68) in (67) and observation of the output at t = pT o yields

0 0
y(p'ro) z S S hz(le.sz) x(pTo-le) x(pTo-sz) T T. {69)
zz"” kl=‘w

AsT=-0and T o™ 0, we make the formal identifications

T ~dr T ~dr

1 2
le-—'rl kz"l‘-'-r'2

pTo-vt

to obtain the two-dimensional convolution integral (67). We can represent (69) as shown
in Fig. 23 with n= 2, The amplifier, in this case having gain T", is, as in the linear
cage, necessary in order to secure the desired limiting behavior.

For the nth-degree cage, the approximation above extends readily to give for
hn(-rl....,-rn) '

40 40
- o - n
hn('rl,...,vn)- z cee z hn(le""'knT) no('!‘l le) ...uo(fn knT)T

kn-.:-oo kl=-uo

(70)
and hence for the output y(pTo) in the nth-degree case
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o0 o0
y(pTo) = E e E hn(kl'f, e ,kn'l') x(pTo—le) voe X(pTo-knT) Tn. | {71)
n:-w kls-w

which is represented in block diagram form as a sampled-data system in Fig. 23.
Observing the output at t = p'l'o, we find that for these summations to have the desired
behavior for small T, it is necessary that the stepwise approximation to the kernel be
sufficiently accurate, and that the replacement of the pulses by impulses does not intro-
duce too great an error. Also, To must be small enough so that we are able to obtain

c

from the samples y(p’l‘o) a good approximation to y(t).

An alternative development of these results can be obtained by writing (67), or the
corresponding equation for linear or higher degree systems, in the equivalent form

y(t) = S‘S‘ hy(t-7,,t~1,) x(r,) x(r,) dr dr,, ‘ (72)

which differs from (67) only in a simple change of variables. We may now approximate

~ x(t) in exactly the manner described above for the linear or first-degree kernel, (65) and

Fig. 22, to obtain

o]
x(t) = Z Tx(t) u,(t-kT). {73)
k=~=c0
Substituting (73) in (72) yields (74). In terms of Fig. 23 this amounts ‘o associating
the sampler with the input rather than with the system. We arrive at the same type of
approximations on the input as described above for the kernel

[ o0
y(pTo) = z Z x(le) x(sz) hz(pTo-le,pTo-sz) Tz. (74)
kzz-w kl=-°°

A change of index in (74) yields (69) again.

From the engineer's point of view, the length of the sampling interval necessary to
achieve an adequate approximation constitutes a compromise between conflicting require-
ments. Shortening the sampling interval requires that more computations be carried out
to obtain each sample of the output, and all of the computations will introduce errors
unavoidably. The choice of the sampling interval is then a compromise between approxi-
mation error and computation error.

4.2 BANDLIMITED SYSTEMS

The concept of bandlimiting is somewhat more complicated in nonlinear than in linear
systems; we shall define bandlimiting in linear systems in such a way that the cor.repts
involved will carry over to nonlinear systems.
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Fig. 24. Nonlinear system with bandlimiting at the input and output.

We say that a linear system is bandlimited if the Fourier transform of the impulse
response of the system has a nonzero magnitude only in a certain band or certain bands
of frequencies; this definition can be interpreted in terms of properties of the system
as observed at the input and the output of the system. Similarly, we may say that a sys-
tem characterized as an nth-degree kernel is bandlimited if the multidimensional Fourier
transform of the kernel of the system has a nonzero magnitude only in a certain region
of the multidimensional domain of definition of the kernel., This definition is adequate,
but it is not quite as easily interpreted as the corresponding definition for linear systems.

To aid in interpretation of bandlimiting in nonlinear systems, we shall adopt another
definition that is equivalent to the one above, both for linear and nonlinear systems, and
which has obvious interpretation in both cases.

In this connection, congider the situation shown in Fig. 24. The nonlinear system H
is cascaded after a linear ideal bandlimiting filter Ll and before a linear ideal band-
limiting filter L,. The filters L, and L, do not necessarily have the same passbands.
We shall denote the transfer functions of these filters Ll(“’) and Lz(m). We assume that
the nonlinear system H can be characterized by an n~ -degree kernel hn('l"l go s ,rn), and
examine the effect of the ideal filters., I we think of the cascade combination of the fil-
ters L.l and I“Z with H as a new nonlinear system, this new or over-all system will still
be characterized by an nth-degree kernel, which we denote gn(-rl, cee ,rn). The multi-
dimensional Fourier transform of this kernel is

Gn(wl, ves ,un) = Ll(ul) ves Ll(un) Hn(“’l' cee ,wn) Lz(wl'}. ‘e +un). {75)

where Hn“"l’ eee ,wn) is the transform of the kernel hn(-rl, e ,Tn).

For convenience, assume n = 2, and we may use the sketches in Fig. 25, in which
we assume that Ll and Lz are lowpass, with bandwidths W 1 and Wz, respectively, The
presence of Ll then forces Gz(‘"l""z) to be nonzero only within the region shown in
Fig. 25a, while the presence of Lz limits GZ(“’I’“’z) to the region shown in Fig. 25b.

We then define a system as bandlimited from the input if precascading an ideal band-
limiting filter has no effect on the over-all performance, and banclimited at the output
if postcascading an ideal bandlimiting filter has no effect on the over-all performance.
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Fig. 25. Effects of cascading lowpass filters with a second-degree system.
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Since linear time-invariant systems commute, a linear system that is bandlimited
at the input is also bandlimited at the output; there is no difference in the two types of
bandlimiting in this case. For nonlinear systems, however, the order of cascading
cannot, in general, be interchanged without a corresponding change in over-all perform-
ance or character of the system, and it is then necessary to make the above-mentioned
distinction between bandlimiting at the input and at the output. Consider again the
second.degree case, with lowpass limiting, for which Fig. 26 applies. In Fig. 26, solid
lines indicate the regions appropriate to input bandlimiting to (-W, W) or to (-2W, 2W);

w2
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Fig. 26. Relation between input and output bandlimiting.

broken lines indicate the regions appropriate t» output bandlimiting to (~-W,W) or to
(-2W,2W). The following relationships are clear from the figure: (i) if postcascading
an ideal filter with passband (-W, W) has no effect on over-all performance, then neither
will precascading the same filter, that is, a lowpass filter at the output can be duplicated
at the input without changing the over-all system; (ii) if precascading a filter with pass-
band (-W, W) has no effect on over-all perforniauce, then neither will postcascading a
lowpass filter with passband (-2W, 2W).

These properties clearly generalize to the nth-degree case and to bandpass, as well
as lowpass, filtering. Thus, if a system is characterized by an nth-degrt.e kernel, we
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have the following situations: (i) if the system is bandlimited at the output, then it is
bandlimited at the input also, and with at most the same bandwidth; (ii) if the system is
bandlimited at the input, then it is bandlimited at the output also,but with at most n times
the input bandwidth.

The highest frequency present in the output is at most n times the highest frequency
present in the input, where n is the degree of the system. With reference to Fig. 24,
if L, does not affect the output of the system, then H and L, commute.

a. Delay-Line Models for Bandlimited Systems

For nonlinear systems that are bandlimited at the input, we may take advantage of
the special properties of systems with sampled inputs which were developed in

) )7 x#() L x(t) " y(t)
(=¥, #¥%) h,(1,,1,)
1 M 2 °1%°2
Ts % .

Fig. 27. Bandlimited system with bandlimited input.

Section IIl. Specifically, we may develop delay-line models for these systems, making
use of the fact that the output for a sampled input depends only on the values of the ker-
nels along certain lines in the domain of the kernels.

Consider the situation shown in Fig. 27. The nonlinear system is of second degree,
that is, it is assumed to be characterized by the kernel hz(-rl,rz) alone, and we assume
that the system is bandlimited at the input to (-W,W). Now we consider the precascading

" of an ideal sampler and an ideal lowpass filter with passband (-W, W), as shown, so that
the lowpass filter has no effect on the nonlinear system. For inputs x(t) that are also
bandlimited to (-W, W), the cascade combination of the ideal sampler operating with the
sampling interval T = 1/2W and the lowpass filter with bandwidth W has no net effect.
Thus, under these conditions, it is immaterial whether we present to the system the
continuous input x(t} or the sampled input x*(t). |

In Section LIl we found that the output corresponding to the sampled input is given by

] 00
yit) = E E x(k, T) x(k,T) h,(t-k T, t-k,T), (76)
kzzow kl=-ao

where x(t) is the input, y(t) the output, hz(-rl,-rz) the kernel of the system, and T the
sampling interval of the input sampler.

Now let us substitute for the continuous system with the kernel hz('rl,-rz), which we
assume to be symmetrical, a system with the impulsive kernel
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e T

0
h'z(-rl.fz) = hz('r‘.fl) uo(fl--rz) +2 z hz(fl-k'r,‘l'l) uo(fl-kT-fz), (17)
k=1 ‘

and present the continuous input x(t) to this new system. In terms of Fig. 27, this is

equivalent to ignoring the filter Ll and associating the sampler with the system rather
than with the input. The output y(t) is still given by (76).

The kernel of (77) can now be realized by means of the delay-line model of Fig. 28,
in which the linear systems have impulse responses given by

kl(t) = hz(t, t)

kz(t) = th(t-T, t)
, (78)

kN(t) = th(t-(N-l)T.t),

x(t)

{0 H 2T Tapped Delay Lire =11

4

kyte) [ky(e)  fxe) ky(t)

+

t

y(t)

Fig. 28. Delay-line model for second-degree bandlimited system.
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and we 2ssume that hz(':l.'rz) is zero outside the region shown in Fig. 29.

Note that we have assumed that the kernel is exactly bandlimited and essentially time-
limited to the region of Fig. 29. It is impossible for the kernel to be both exactly time-
limited and exactly bandlimited. We may also apply the results above to kernels that are
essentially bandlimited to the prescribed band and which are time-limited. Practically,
we shall be forced to deal with kernels that are both essentially bandlimited to the
prescribed band and essentially time-limited to the prescribed region of the T)» T, Plane,
in that almost all of the energy of the kernel lies within these regions.

Hence for a second-degree system that is essentially bandlimited at the input and
time-limited to the region shown in Fig. 29, we have for essentially bandlimited inputs
the realization of Fig. 28.

Delay-line models for higher-degree bandlimited systems can be developed similarly
to this model for second-degree systems. The complexity increases very rapidly with

(N-1)T

2T

T 27 (N-1)T

Fig. 29. Domain of the kernel of the delay-line model for a bandlimited
second-degree system.
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the degree of the system, however. For a given number of taps on the delay line, say
N, the se¢cond-degree model reﬁuires N linear systems., The third-degree system, as
can be seen from Eq. 59, would require that we form the product of the input with the
square of the signal at each of the taps of the delay line, the product of the square of the
input with each of the tap signals, and the product of the input with the input delayed by
k units with the input delayed by j unita fork=1,...,N~1and j=k,..., N; thus the
number of linear systems needed in this case is 2(N-1) + Zﬁl (N-i) or, on simplification,
1/2(N+2)(N-1). Thus the complexity grows roughly exponentially with the degree of the
system for a given number of taps on the delay line,

b. Digital Simulation of Bandlimited Systems

In order to simulate a system on a digital computer, we must sample both the input
and the output time functions. If the input is bandlimited and if the systexﬁ is bandlimited
at the input and output, then the gituation shown in Fig. 30 is appropriate. We assume
that H is bandlimited at the imput to (-Wi,Wi) and at the output to (-W c'.W o)' and the
input x({t) is also bandlimited to (-Wi.Wi). The output y(t) is then bandlimited to (-W o.W o"
We note from the discussion above that the output has a bandwidth of at most W o> nWi,
where n is assumed to be the degree of the system,

Now, since we assume that H is bandlimited at the input and output, we may omit
L, and L m Fzg 30 without changmg anything. We then simulate H by operating on

x*(t) to obtain y (t), and passing y (t) through L to reconstruct the continuous output
y(t). The computation that must be performed 1s

o0

y{pT,) = z z x(k,T)) oo x(k T;) h (pT =K Tys..o,pT =k T)) (79

o ni
kn=—ao klz-w

for discrete simulation of the bandlimited nth-degree system. To the extent that the
bandlimiting is ideal, this model performs the same operation as the continuous system.

In the computation there will be an unavoidable error, because of quantization and
roundoff.
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V. TRANSFORM ANALYSIS OF NONLINEAR SAMPLED-DATA SYSTEMS

In Sections III and IV we discussed sampling in nonlinear systems and the simulation
of continuous systems by sampled-data systems. The input-output relations for sampled-
. data systems have been developed; they are multidimensional convolution sums, which
can be tedious to evaluate and give little insight into system properties. We shall now
discuss a multidimensional z-transform and modified z-transform that will facilitate

the study of nonlinear sampled-data systems.
The use of the multidimensional z-transform in the analysis of discrete nonlinear

systems has been examined briefly by Alper.‘?3
5.1 MULTIDIMENSIONAL Z-TRANSFORMS

Definition of the z-transform and lnverse z-transform. The multidimensional
z-transform of a function t(vl rease "n) may be defined as

0 ) ’ 'kl "kn
F(Zl,...,zn)= z s o0 Z f(kl'r.coagkn'r) zl ees zn . ‘80)
kn=-oo kl-.--oo

We note that the z-transform of a function depends only on the values of the function at
uniformly spaced sample points and not on the entire function,

We assume that f(1-l roos ,?n) has no impulsive components. If the summation of (80)
converges at all, it will converge within some region defined by q, € lzil €p,i=1,...,n
A sufficient but not a necessary condition on f(‘rl. ceo ,Tn) such that its z-transform exist
is that f(-rl, ces ,-rn) be absolutely integrable; in this case, the region of convergence will
contain the multidimensional surface defined by the Cartesian product l"lxl"zx. oo xl‘n,
where I‘i is the unit circle in the zi-plane. If a function .’(1'1,... ,Tn) has a Laplace
transform, then it will also have a z-transform.

The value of the function at the sample points, f(le, . ,kn'r), may be cbtained from
the transform in a number of ways. A closed-form expression for the sample values in
terms of the transform is given by the multidimensional inversion integral:

1\ k-1 k -1
f(le...o .knT) = (E‘J-) §r s e §r zl s o zn F(zl,-oo .zn) dzl s e dzn. (81)
n 1

where l"i is an appropriate contour in the zi-plane. For most of the functions considered
here, I‘i may be taken as the unit circle in the zi-plane. The sample values may also
be obtained as the coefficients in the series expansion of F(zl, coes zn) in z;l.. ces z;l
about the origin in the z,, ..., 2,-8pace. If F(zl. cansy zn) is expressed as a ratio of
polynomials in z;l se ooy z;l , these coefficients may be found by division of the numerator

polynomial by the denominator. Examples of the computation of the direct and inverse
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transforms are given below. A partial difference equation can also be found which gives
a recursive method of computing the sample values from the transform; this method will
be discussed in Section 6. 2. ’

Properties of the Z-transform, The multidimensional z-transform has some properties
which make it useful in the analysis of nonlinear sampled-data systems. We list some
of these properties here; proofs are given in Appendix A. e

Ilf(fl,....-rn)..._.. F(zl.....zn). then

-b -b
(5- a. l) I(Tl"blT.-o! .Tn-bnT) L o zl l seo e zn r‘F(zl,ooo ,zn).

where bl’ oo bn are integers.

-a,r -a T aT a T
(5. a, 2) e ! l...e nnf(f‘,...,fn)‘-—OF(e ! Zysrees ® n zn)
) .
(5. a. 3) -rif(‘l'l,...,'rr‘).--..-'l'zi~é—z—i F(zl,...,zn), i=1,...n

If in addition g(-rl. e .'rn) -— G(z‘, cens zn), then the transform

(5. a. 4) H(zl... . ,zn) = F(zl,. .o .zn) G(zl,.. . ,zn)
corresponds to a function h(-rl yeoe ,Tn) with sample values given by

0

h(plT"°' ’pnT) = Z so 0 z f(le.... 'knT) g(plT"le.oo. .pnT"’knT)
kn=-co klz-ao

which is a multidimensional convolution expression.

Example 4

Let
[ 0= T <4 '
1 it 0s T, <4
f‘flv"z) = 4 (82)
\0 otherwise

Then, taking T = 1, we have
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‘ S N k) -k
‘ F(zl.zz)z Z z f(kl,kz) z, 'z,

= =00 kl=—m

2
k. =k < =k -k
1.7%2 _ 2 1
‘ii'l’z‘i'zizl
k2=° kl=0 kzzo kl= -
1-2z7% 1ot a7ttt
1 2 _ 1 2 1 %2 (83)
= 1 -1~ T -1_. -1 -1°

l-zI 1=-2z, l-z; -2, +2,'2,
Dividing the numerator by the denominator, we find the finite series with which we began:

| 1 -2 -lz-Z -2 -1

‘l - - - -
F(zl.zz)=l<l-zl tz, +z zl+z +zz+z

1 %2 1 2 1 %22 21 2%
-3 -3 -1 -3 -3 -1 -2 ~2 -2 -3
+zl -l-zz +zl z2 +zl z2 +zl z2 -i‘zl z2

-3 -2 -3 -3
+ z,7z, + z,72,%. (84)

The coefficients of this expansion give the sample values of f(rl,rz).

Example 5

Let

-, =37 *
e le 2(1-9-27 ), 20, 7,20
f(-rl,'rz) = (85)

0 A8 <0 or T, <0
where 1-* = min (fl.vz). Consider first the function

*®
(l-e"ZT ) 7,20, 7,20
fl(fl,fz) = (86)

0 -rl<00r1'2<0

Then we have for the z-transform, with sampling interval T,
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Fi(z},2)) = Z Z (1-e -2 T) ’ k" = min(k , k)

k,=0 k=0
S -2k, T
= z (l-'e'ZkT)(zlzz)'k-i- zz (l-— 2 )zl z2
k=0 kl>k220
-2k, T
oszkfzkz (1-e ) (87)

In the second summation, make the change of index k1 = kz + k'l; then this sum becomes

i i (1- e T) R _k2= z Z (r- ~2sz)(z,z?_) 2, (88)
ki=

1 k, =0 k"

The last sum, on 0 < kl <kz, can be treated similarly. We then have

o0 0 b o)
Fy(z,.2,) = z (l-e'ZRT)(zlzz).k 14 2 z;"+ z z;" (89)
k=0 k=1 k=1

or, evaluating these sums,

[ 1 1 ]I: 1, _ 1 _l'l
-1 ~1 -2T -1 _~1 -1 -1
l—zl z, l1~-¢ z) 2, l-zl l-—z2 J

-2T

Fl(zl,zz)

-1 -1
)z z,

(l -e-ZTz;‘z;l) (l - z;l)(l - z;l

after some simplification, Now using property (5. a. 2) for the transform of f(rl. Tz) we
have

{l-e

(90)

(e=4T _ ¢~6T) 213!

F‘zlnzz) = . (91)

(l - e-szIlz;l)(l -e‘Tz;l)(l -e'st;l)

We may make use of the inversion integral for the z-transform to obta.n from F'(zl ]

2)
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the value of any of the samples of f(fl,?z). Choosing {(T,T), we have

{(TT):(-‘-—.—)2§§ ('4T )zzz
363 o ) )
e (4T e-6T) L T2 - T d
R T

e-‘lT

dz
. 5T § - (e=4T . ¢=6T
2v) ~3T
(’z -€ )

) (92)

where we have evaluated first the integral on Z), then the integral on Z,, using the
Cauchy residue theorem, with I' the unit circle in each of the integrations.

5.2 MODIFIED Z-TRANSFORMS

The z-transform of a function depends only on the values of the function at uniformly
spaced sample points, Often we would like to focus attention on the sample points, but
are nevertheless interested in the remainder of the function; in such cases the modified
z-transform is useful. The multidimensional modified z-transform of a function

f(‘fl.. .o ,fn) may be defined as

0 0
5' k) ~kn
Fm(z llolo)z .m ) = _/ z ‘[le-(l-ml)T'-ao ,knT-(l-mn)T]zl se Zn »
= S
l
(93)

where 0 € m; < 1,i=1, ..., n. Choosing a value for each of the m, amounts to shifting
the function along each of the axes in its domain of definition before taking the
z-transform. Existence of the transform, that is, convergence of (82), i8 insured under
the same conditions as given above for the ordinary z-transform.

The moditied z-transform may be inverted to regain the function f(-rl. - n) by
means of the multidimensional inversion integral

fl(k,=14m ) T,... (k ~14m ) T] =

14" k, -1 kp-1 .
wj) g ...& zll cer 2 Fm(zl’ml""‘zn'mn)dzl"‘ dzn, (94)

where I‘i is an appropriate contour in the zi-plane. As for the inverse z-transform (81),
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I‘i can be taken as the unit circle in the zi-plane for most of the functions considered
here. Nove that my, ..., m are treated as parameters in the inversion integral., U
the modified z-transform Fm(zl'ml;‘ oo} zn,mn) is expanded in a series in z;l. vess z;
about the origin, the coefficients of the expansion will be functions of mp, ..., M,
0« m; < 1,i=1,...,n, and will give the function f(Tl" .o ,'rn) in the corresponding
multidimensional sampling interval in the (-rl. N fn)-space. Examples of the compu-
tation of the direct and inverse modified z-transform will be given below.

1

Properties of the Modified z-transform. Some useful propérties of the modified
z-transform are listed below; proofs are given in Appendix B,
If f(-rl.. .o ,Tn) — Fm(zl.ml:. .o ;zn.mn). then

: -b =-b
‘So bo l) f(fl-bl'r,o ) ,Tn"bn'r) P zl ! e Z" nFm(Zl,ml;. PP zn,mn),

where bl’ erey bn are integers, For shifts‘not equal to an integral num-
ber of sampling intervals, we have

(.., o) s
zl es s zn Fm(zl.ml-fl-Al.....Zn,mn‘H-An)

0= mi<Ai i=1l,...,n
f‘fl"AlT.a .o .‘rn-AnT)Q———. 1
Fm(zl.ml—Al:...;zn,mn—An)

Ai$mi<l i=l.onn’n

.
-a,T -a T
(5.b.2) e B ftrli"’lfn) -t
-a,T(m,~-1) -a_T{(m_~1) a,T a T
e 11T e MR F(e 1 2 M. e n zn,mn)
‘50 b' 3) 1if(71po X .Tn) Q———OT[‘mi-l)Fm(zl.ml; see Zn, m“)
e o
-Zi az m(zl,ml.....zn,mn)] i= l.oo.n

b
If in addition f(fl,. .o ,'rn) - F(zl,... ,zn), then

(5.b. 4) Flz,,e00,2)=2, ... 2 F (2, m...52_,m))
1 n 1 nm-l n’ 'n m1=-~=mn=°
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For continuous f('rl. cae .'rn). we have also

F(z),e00,2.) = Fm(zlml" .o ;zn.mn)

mls. .o =mn=l

Example 6
Let (
e 1 e-sfz(l -e"‘""*) T, 30, 7,20
f(Tl,Tz) = (95)
0 i) <0or Ty < 0

where 1-. =min(r 1"'2)' as in Example 5. Again consider first the function

-2 *
1-e 7 T, 20, 7,320
fy(r,,7)) = (96)

0 11<00rfz<0

Then we have

00 20
* _* -k, -k
- k -
Fim(Z) myi 2y, mp) = Z ("e 2Tl 4m l’) z) lzz 2, (97)
k,=0 k=0

where k" =min (kl.kz), and m* = min(ml,mz). By making use of the same techniques
as in Example 4 (see Appendix B), this sum can be written

* *
1 - e=2T(m"=1) _ z;1,!-2-1(e--z'r__e-z'r(m -1))

(- ) (-5 )(-23")

Then use of property (5. b. 2) for modified z-transforms gives the desired transform:

(98)

Fim(z.myizy,my) =

-T(m,~1) =-3T(m,-1)
Fm(zl.ml; zz,mz) = e 1 e 2

oy
% - -
] - e-2T(m -1) _ (e-6T-e 2Tm o 2T)

-1 _=-1
z) 2,

ce6T =1 =1\ =T -1 -3T -1y | o9
(l e z, 2, )(l e "z, )(l-e z, )
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In order to obtain the inverse, consider first the denominator of the term in brackets;

we may write this as a polynomial ia z;l and z:_,'l:
T = - - - -1 -1 T -l =7T =2 =1
l-eTz’l-eaTzzl'r(e 4T- )zllz e9 z) 2, +e z, 2,
—IOT —Z -2
- 272232 (100)

Dividing this into unity provides an expansion, which after juggling with the operations
indicated in the numerator of the bracketed term in the transform and combining, gives
the series expansion of the modified z-transform Fm(zl'ml“ RE 2 mn). The first few
terms of this expansion are '

“T(mye1) <3T(mped) _o(mi-1)y,  =T_,=2T0M+T, -1
ra(’l"'l"""n'mn) e 1 [(1-e Ye(e -e )zl

- - *- -
37_. 2Tm T)z 1

- - * -
; o 27_. 2Tm )z 2

+ (o ( 1

.s'r_.-zmt ”)‘22’(' ur_. 2TmR=4T, -1

+ (e )12

* 4ee)

(101)

The coefficients of each term in this expansion display the function i‘(vl ,1-2) as a
function of m,, m, in the two-dimensional sampling interval corresponding to that term.

5.3 SOME PROPERTIES OF THE TRANSFORMS OF CAUSAL FUNCTIONS

The multidimensional z-transform and the modified z-transform of functions
f(Tl,... ,-rn) which are "causal,” that is, which are zero when any of the arguments
Tyreee, T, are negative, have some special properties. We list some of these below;

proofs are given in Appendix C.

Initial and Final Value. If f(‘l‘l,... ,Tn) .-_.F(zl,... ,zn). and f(-rl... . .Tn) = 0 for any
of the ™ less than zero, then

(S.C.l) hm f‘Tl,o-O,T )Hllm F(Zl....‘,zn), i= l.o.ono
i-o zi-w

‘5.‘:.2) um f(Tl,oocgf )‘-—’ lim (2 —l) F(Zl,..-,z ). i=l.co.n¢
?i‘w 2"1
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I

| “ Relation ‘o Laplace Transforms., The z-transform F(zl, ooy zn) or modified
z-transform F (zl, JieeeiZpem ) of a causal function f(‘l’ R § ) can be found
directly from the Laplace transform FL(s 1o 8 ) of the functxon by means of the fol-
Rowtng integrals. A justification of the integrals is given in Appendix C; an example of
]‘f_ their useis given below.

(Vl.. ...V )dvl. Otdv

-j. 01.1. L
P(zl.....:n) s (—-n I Xy 7 N p )
s, T 2] o -j- o -j- «T(s, =v -T(8_=v
300 ' 3 (¢ * Yrute ™M)
1edaeeean (102)
r.(zl.nlg...;zn.mn)l ot s
3,00 i
1'1.0-0."
mvT mv T
171
1 cn-j- al-j- PL(vl.....vn)o ceeg M1
"1..'2-1 _)h ver } dvlcoodvn
1 P "2a3 on-j- al-j- -T(8,=v,) -T(s -vn)

(e ¥ Y)iilee ™ ™)
{103)

Fer most functions considered here we may take G =eea=0, = 0. Special care must
be exercised in the use of these expressicons for a function f(rl sese ,Tn) which is not con-
tinuous; at jump discontinuities of f(r L rn) thiese expressions assume that

f(fl.. .o ,-rn) is defined to be the average value at the discontinuity.
Example 7

Let f(‘l’l,Tz) be the function whose Laplace transform is

2 (104)
(sl+l)(sz+3)(sl+sz+6)

FL(SI' sz) =

We may find the z-transform of f(Tl,Tz), with a sampling interval T, directly from
{104) as follows.
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2dv1¢192

1 j. ™
F(z,.2)) ol 1 M ~(8,mv,)T
g, %0 (v, #1)(v,¢3)(v, #v,46)(1-¢ ¥ 1-e
b a.T 1 2 172
2
z,%0
1 g v, 1 1
#o— ] T ) JU ~ (73 9 ) R C IO D4
'(’ v ) 1 2
. ) 'jf (vy43)(1-e 272 Y(v,y45) | 1o 1 l-e )
-8, T - -v, T
1 o Te “ = 201-¢"Te 2 )dv,
8 sme SeEEsRSESE. J
2 g, T «jw =(9,°v,)T -(-1+v2+5)7
T (v,43)(1- 2727 (v, 95) (10 )
-s. T
«T 1
¢ o 1 1 v 2nk
) LI (105)
oT -llf 6T -ulT -szT ks -
l-¢ ‘o lee¢ @ (]
where
-s,T
(1-e-Te 2)
G(lz) s
(l2+3)(32+5) (106)

and we have evaluated first the integral with respect to Vi then the integral with respect
to v,, using the Residue Theorem and closing the contour of integration in the left-plane
for i and the right half -plane for vy We recognize the summation as the Laplace trans-
form of the sampled version of the function whose Laplace transform is G(s). That is,
if g(t) == G(s) and g*(t) is the sampled version of g(t)

0
8*(‘) = z g(kT)u (t-KT), , (107)
k=~

then G*(s) is given by the summation in the expression above for F(zl. zz). Evaluation
s, T
of this sum at e 2 =z, will then yield the z-transform of g(t). This z-transform is

readily obtained from a partial fraction expansion of G(s) or use of (104} for n = 1 as
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23 1e™3T 75T

(! -e-yrz;l) ‘

‘and hence we have the desired z-transform

(108)

<

(e-ﬂ' - e-bT) z-l-lz-z-l ,
(109)

(l -e—Tle)(l -e-yrz;l)(l -e-sz;lz;l) .

5.4 APPLICATION TO NONLINEAR SYSTEMS

F(zl.zz) =

A nonlinear system with sampled input and output is shown in Fig 31, The sampling
interval at the input is Ti and that at the output is T o' The input is x(t) and the sampled

xn(t) x*(t) y(t) )f y*(t)
— —— hn(tl.coogfn) R

L1 T

Fig. 31. Nonlinear system with sampled input and output.

* *
input is x (t); the output is y(t) and the sampled output is y (t). The system is charac-
terized by the kernel hn(-rl res oy Tn), which we assume contains no impulsive components,
This situation was discussed in Section lII, where the input-output relation was given as

J0 0
kn=—ao kl=—uo

and we assume, initially, that '1'i = To =T,

Input-Output Computation, Although (110) is not quite a multidimensional convolution

sum of the form given in property (5. a. 4), we may make use of an artifice suggested by
b

George"s for continuous systems, introducing the auxiliary tunction

k) 0
Yin)P1Tse -« PyT) = z z x(k,T) ... x’k T) h (p, T-k,T,...,p Tk T)

= =00 k,==»

n 1

(111)

from which the sample values can be found:
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Yn)P1 7o o2 PeT) Byee. e P * y(pT) (112)
n

Using property (5. a. 4), we find that the transform of the auxiliary function is given by
Yio(zpre ooz = Holzoo 2 ) X(z)) oo X(z), (13)

where Hn(zl. consy zn) is the multidimensional! z-transform of the kernel, and X(z) is the

one-dimensioual z-transform of the input.
If we do not sample the output, we have in place of (111)

0 on
y(n)‘tl"..'tn) = Z e >-J X(le) eo x‘knT) hn(tl-le'uo' .tn-knT)o (114)
k =~ k,z=0
n 1

Taking the modified z-transform then gives

Y(n)m(zl,ml;...;zn.mn) = Hnm(zl,ml;...;zn,mn) X(zl) X(zn). (115)

Association of Variables. As shown in Appendix D, the one-dimensional z-transform
of the output, Y(z), can be found from Yln)‘zl roos zn) by use of the following integral.

713! -1 ¥a 2
Y(z) = %’ §l" cee §I‘ (wlwz. "wn-l) Y(n) (wl,—‘;T, ces ,;,——; dwl. "dwn—l'
n-1 1 n-=

(116)

For continuous outputs, the corresponding expression in terms of the modified
z-transform is

Yplz.m) = (-Z_:T)n_l § | & (WIWZ"‘wn-l)-lY(n)m(”l';%"” ’ wz

. dwl. cedw e (117)
This procedure is analogous to the association of variables given by George for the

continuous case, and, as in the continuous case, can be carried out as an inspection
technique for simple functions. The basis of the inspection technique is the replacement

. A(2) 1 (118)

1 1
(l - e-aTz;l) (l - e—sz;l) 1-e@tDIT =1

which is derived in the Appendix D, An example of the use of this technique is

A(zlzz)

given below,
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[" Difierent Sampling Rates at the Input and Output. If the output sampling interval is not

: equal to the input sampl.ng interval, Eq. 110 becomes

0 0
y(pT ) = z z x(k,T,) ... x(k T,) h (0T -k T ,...,pT ~k T,). (119)
knz—t klz—w : .

Let 'I‘i = rTo, where r is a positive integer. Then we have

0 0
y(pT,) = z oee S x(k,rT ) ... x(k rT) hn(pTo-kltTo’ seey pTo-kano). (120)
kn=-::o kl-:-u)

Forming the auxiliary function y(n’(plTo,...,pnTo) and then the z-transform

« Y(n)(zl" .o .zn), we have

Y20 2) = Holzgeen,2) x(zf) coo X(20). (121)

Interconnections of Systems. We consider here the interconnection of nonlinear

sampled-data systems H and K when we assume that the systems are characterized by

the Volterra kernels hn(Tl,. cesT)y n=0,1,.., 'Nh’ and kn(‘fl,. e ,-rn), n=0,1,... 'Nk
before the input and the output are sampled. We will denote the interconnection of H

&

— ]
T

| (a)

-

-] + ——
T

(»)

Fig. 32. Sum of sampled-data systems.
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-] & o e L

{

1 —‘-——IHOLD (a)
T T

ot

Fig. 33. Product of sampled-data systems.

(d)

e Y S R

.}i —.—-4--
T T T T
(s)
]
—F e e
T T ' )]
N
e o L e I —
! T (c)

Fig. 34. Cascade combination of sampled-data systems,
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and K by G, with the Volterra kernels gn(fl.. ‘e .fn). n=0,1,... .N'. before the input

" and output are sampled.
Consider first the addiiion of H and K, as shown in Fig. 32. It is clear that the

“ systems of Fig. 32a and 32b are equivaleut. For G = H + K, then, we have

gn‘pl'r'- . cpnT) = hn(plT'- L) 'pnT) = kn(plTl' .. lpnT) (‘22)
Gn(zl"" .zn) = Hn(zl.... .zn) + Kn(zl"" ,zn) {123)

forn=0,1,... ,Ng and No = max (N, N, ).

For the product of H and K, the situation is as shown in Fig. 33. The hold circuits
are needed in Fig. 33a, since the multiplier is a nonlinear no-memory device as dis-
cussed in Section III, The systems of Fig, 33a and 33bh are clearly equivalent. For G =

H - K, then, we have

g,PTvec.,p,T) = z h.(p;T,...,p.T) kq(erT.- .+ P, T) (124)
Gn(zl"" ,zn) = z Hr(zl"" ,zr) Kq(er,. .o .zn). (125)

.where the sum in both (124) and (125) is taken over all pairs of integers re{o, 1,... 'Nh}
and qc{O, 1,... ’Nk}' and both expressions hold for n=0,1,..,. .Ng with Ng = NhNk‘

The cascade combination of H following K is shown ir Tig. 34. It is clear that the
systems of Fig. 34a and Fig. 34b are equivalent, while that of Fig. 34c is not equiva-
lent to the others, Following the procedure used by Brilliant26 for the continuous case,
we have for the systems of Fig. 34a and 34b

N

g p, T, .0,p T) = i. z

i=0 r;

(~18

(... .p“T-ro....).

20 s

1
> h(r,T,. ,r.T) Tl k
it} i j=1 mJ

-00 r.,=-00

1

(126)

The numbers m. are formed by taking all permutations of i non-negative integers which
sum to n, The order of the subscripts on the p,, in the brackets is not important. The
second summation, for which no index is shown, is taken over all permutations of i num-
bers mj whose sum is n. The corresponding kernel transforms are given by

N

>

i=1

(...,z“....), (127)

i
Gn(zl,...,zn)= zHi(al""Dan) J'EII Km

j

where o is the product of arguments of Km . Asin (126), the second summation is over
J
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.

Fig. 35. Sampled-data feedback system.

Table 2. Kernel transforms for the feedback structure of Fig. 35.

H,(z,)
G (z ) B nm——

171
1-H1(zl)

Hz(zl,zz)

l:l-HJ_(zlzz)][1--!11(21 )][l-Hl(zz)]

Gz(zl.zz) *

b 3 1

GC.(2,,2,42,) = " -y

3t19%2 %3

1-H,(2,2,23) (1-H,(z))]
i=l

Hy( 2,422, H,(z,,2, )]

Hy(21025025) + 2
I-Hl(z2zs)

all permutations of i numbers mj whose sum is n, and the order of the z” is not
important.
For the values n= 0, ], and 2, assuming ho = ko = 0, we have from (127)

G°=O

G,(z)) = H,(z)) K(z)) (128)

Gz(zl.zz) = Hl(zlzz) Kz(zl.zz) + Hz(zl,zz) Kl(zl) Kl(zz).
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4

The samce relaliuns given in Section II for a continuous nonlinear system in the feced-

* back configuration of Fig. 12 hoid for the sampled-data feedback System of Fig. 35,
except that termis involving sums of s; now involve products- of z. Table 2 gives the
z-transforms of the first few kernels of thc sampled-data feedback system G in Fig. 35
- interms of the kerrel transforms of the open-loop system H. We emphasize that, as
" in Section II, these relations arec formai; they acsume that the feedback structure may
. be represented by a Volterra functional series,

Example 8

Consider the system of Fig. 36. The input and the output are sampled with the
sampling interval T; x(t), x*(t), y(t), and y*(t) are the input, sampled input, output, and

#*(t) 1 y(t) yR(t)
x(t) /}'xit @) & (t 4 )

Fig. 36. Nonlinear sampled-data system of Example 8.

sampled output, respectively., The linear systems N, NZ' and N3 have the system

functions shown,
The z-transform of the kernel of this system was computed in Example 5 by using the

definition of the z-transform, and again in Example 7 by using the frequency-domain

technique of (102). It is given by

(e=4T _ 6T ;=171

Hy(z,2,) = - 12 . (129)
(l --e"'rz'l'l ) (l - e-3Tz;1)(l - e-szIl z;!

If x(t) = e-Ztu_l(t), then we have for the auxiliary output Y2 (tl. t,), according to Eq. 114
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7(2)(:1 .22) * Hy(z,2,)X(2, X(z,)

E -4T_ -b'f -1 -1
. (e )z )
(1-¢"T2722 50 )1 e Ty (102 ) (1072 T2 ) (1722
1 % % 2
«UT 67 el el
4 (, - ) . zl zz [
.-T -2T ‘31 ‘-2T
«T 1 «2T =) «3T =1 «2T =1
leg z1 l-e zl 1 22 1 z2

(130)

Then multiplying out the terms in brackets and using the inspection technique for the
association of variables we have

-4T _~6T

(e -e ) z-l
Y(z) = — = " - . 6T =
(e '1'_e ZTHC 3'1'_e 2T) 1 -e 6Tz 1
. e-4T _ e-ST _ e-3T . e-4T (131)
- e 4T, 17 | SST -1 7 | S3T =17 [ =4T -1

from which the sample values of y(t), y(kT), can be easily computed.
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V1. SYNTHESIS OF SAMPLED-DATA SYSTEMS

We shall now consider methods of synthesis for sampled-data systems. As in Sec-
tion II, we consider nonlinear systems that can be represented by a single term from
a Volterra functional series, and hence are characterized by a single Volterra kernel,
‘ hnhl" - ,fn). We assume that the sample values of the kernel, hn(le' cee .knT), and
- the corresponding z-transform, Hn(zl" .o .zn), are given. The basi/c building block
. for the synthesis of sampled-data systems is the digital computer; we consider methods
 of computing the output sample values y(pT) from the input sample values x(kT). We are
concerned only with computation algorithms, and ignore both quantization and round-off

error,
First, we consider direct computation of the convolution sum, then we discuss
computation of the sample values of the auxiliary output function y(plT....,pnT)

through the associated partial difference equation, and finally we describe the
decomposition of an nth-degree system into a combination of linear sampled-data

systems,
6.1 DIRECT COMPUTATION OF THE CONVOLUTION SUM

For an nth-degree system with sampled input and output, the input-output relation

was found in Section III to be

20 20
y(pTo) = z cas S_: x(lei) e x(kn'ri) hn(pTo-—kl‘Ti.. .e .pTo-k"'l‘i). (132)
kn-_--:o klz-:o

If we assume that the kernel is realizable or causal and that the input is applied at t=0,

{132) becomes

[ [
y(pTo) = Z cee z x(k]Ti) coo x(k T hn(pTo-lei, ooo ’pTo-knTi)' (133)
k=0 k=0

where a = [p(To/Ti] is the greatest in.eger function in p(To/Ti)' There are o™ te ms in
this sum; evaluation of the sum requires the computation and addition of each of these
terms. This is a formidable task indeed if p is very large.

If we assume that the kernel is symmetrical and that only a finite number of the
samples of the kernel are nonzero, that is, that the system has a finite memory, com-
putation of the sum in (133) is simplified. But the amount of computation required will
even then be prohibitive except in simple cases, Direct computation from the convolu-
tion sum, excent in simple cases, is a severe problem even for linear systems; in the
nonlinear case, the computational difficulty grows roughly exponentially with the degree

of the system.
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6.2 COMPUTATION FROM THE ASSOCIATED PARTIAL DIFFERENCE EQUATION

The input-output relation for the traiusforms of the input and output functions was

found in Section V to be

Y(n)‘zl"“ EME Hn(zl"" vz) X(z)) ... X(z,), | (134)

where Y n)(zl yee s zn) is the z-transform of the auxiliary output function
y(n)(pl’r, e ,pnT), Hn(zl' oo zn) is the z-transform of the kernel hn(le’ coe ,knT),
and X(z) is the z-transform of the input x(kT), and we assume that the input and output
sampling intervals are equal and equal to T.

If Hn(zl" ooy zn) can be expressed as a :atio of polynomials in le, cess 2

P(z;l... . ,z;‘)

-1
n|

Hn‘zl"“'zn): . ) . (135)
Q(zl veees 2y )
where P(-) and Q(-.) are polynomials, then we may write
Q(ZII,;- . ,Z;l) Y(n)(zxoC L Izn) = P(z;l" L lz;l) x‘zl) et X(zn). ‘136)

-b.
Recognizing from property 5. a. 1 that z ! can be interpreted as a delay operator, we

may take the inverse z-transform of both sides of (136) to find a linear partial differ-
ence equation with constant coefficients, which relates the auxiliary function
y‘n)(pl'l‘.. .o ,pnT) to the input x(kT). This partial difference equation provides a recur-
sive computation algorithm for the auxiliary output function and hence for the output
y(pT). We illustrate this method with the following example,

Example 9
Let

-4T =67, =1 =1
(e -e ) z, 2,
H,(z;,2,) = . (137)

(l -e-sz;lz;l)(l -e-Tz;l) (l -e-yrz;l)

Then we have

-T -1_-3T -1, -4T__-6T, =1 =1 -7T _~2 -1, -9T -1 -2 -10T_-2_-2]
[l—e z, -e z, +(e -e )zl z, +e z, 2z, +e %) 2, e 2,2, JY(Z)(ZI'ZZ)

= (e"’T-e"‘T) z"z;‘ X(z,) X(z

1 {138)

2)

and hence
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¥, T.p,T) = e Ty[tpy =T, p, T + € > Tylp Tutp,-11T] - (™ ™) 506, -1 T, (o= 1]
- " Tyl(p,-21T, (p,~1T] - e~ Ty[(p, - 1) T, (p,-2)T]

+ e-mTy[(Pl"Z)T'(pz"z)T] + (e‘QT-e'(’T) x[(prl)T] x[(pz-l)'r].

in which we have dropped the subscript on y(plT, pZT) for convenience.

If we assume that x(0) = 1, and that all othcr input samples are zero, then (139) is a
recursive relation for the computation of the inverse z-transform of Hz(zl , zz), and thus
we have arrived at another method of inversion for z-transforms, in addition to those
given in Section V. For arbitrary x(kT), in fact even for random x(kT), since sver any
observation interval of arbitrary but finite length we could conceptually find the corre-
sponding z-transform, we have a recursive computation algorithm for finding the out-
put samples for a given sequence of input samples.

The major drawback of this method is that we must actually compute more than just
the output samples of interest; we must compute the samples of the entire auxiliary
function. Thus in Example 9, we must compute 2p samples, which are not of interest
as far as the output y(pT) is concerned, in order to compute the pth output sample from
the (p—l)th output sample.

This is in contrast to the situation for the linear case, in which the corresponding
recursive relation is an ordinary difference equation, and all nutput samples that must
be computed are actual output samples. In the nonlinear case, we must compute at each

step the value of samples that are not of interest in order to get to the next sample of

interest.

6.3 DECOMPOSITION INTO LINEAR SAMPLED-DATA SYSTEMS

In Section Il we developed a procedure for determining whether or not an nth-degree
kernel can be realized exactly by using a finite number of linear systems and multipliers.
By using the same trees and the rules for the interconnection of sampled-data systems
which were given in Seciion V in place of the corresponding rules for the interconnection
of continuous systems, we can determine from the kernel transform Hn(zl”‘ . .zn)
whether or not an nth-degree sampled-data system can be decomposed into an intercon-
nection of linear sampled-data systems. When such a decomposition is possible, we
may form a computation algorithm for cach of the component lincar systems considered
separately, and thus achieve a composite algorithm for the computation of the output

samples of the nonlinear system from the input samples.

Example 10

Consider again the kernel transform of Example 9. We can write
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e e

-l ‘l re <
4 4
1 2 ! , (140)

-T ~ =3T =1 ,© =6 -1
l-(.-'rzll 1--e3Tz2 l-¢e T(zlzz)

-6T

Hy(z,,2,) = (e"‘T -e %)

or as

Hylz),2) = (77 - e ) K (2)) Ky(2)) Kotz 2,), (141)
where Ka(z). Kb(z), and Kc(z) are the systems functions of linear sampled-.data systems,

The equations

u[pT] = e-Tu[(p-l)T] + x[(p-1)T]

v[pT] = e Tv[(p-1)T] + x[(p-1)T]
r(pT) = w(pT) v(pT)
ylpt) = T

-4 -6
p-1T] + e™4T - e76T) r[pT)
then form a computation algorithm for computation of the output samples y(pT) from the
input samples x(kT).

(142)

Example 11

Consider again the kernel of Example 3.
hz(-rl.'rz) = (l-fl-rz) u_l(l-fl--rz) u_l(Tl) u-l(TZ) {(143)

We found in Example 3 that, as a continuous system, this kernel was not realizable
exactly with a finite number of linear systems and multipliers. It is of interest to exam-
ine the corresponding sampled kernel. The z-transform of the kernel (143), if we
assume a sampling interval of T, is

0 20

<k, -~k
- kT Tk To 1,72
Hz(zl,zz) = z z (1 le kZT) u__l(l le kZT) u_l(le) u_l(sz) z, "z, T
kz-_--oo kl=-co
(144)
Make the change of index kl + kz = k. Then (144) becomes
1/T
[T & Ky ~lk=k)) % ~ky
Hzlzl,zz) = z z (l-kT)zl z, = Z (l-kT)zZ (zl/zz) . {145)
k=0 kl=O k=0 k1=°
Now
X -k, 1-(z,/z,)7%!
Z (21/22) =z - (146)
k=0 L= (zy/2))
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The remaining sum may be interpreted as the sum of a step, a negative rafnp, and a
delayed positive ramp. ‘

1/T -1 -1
(1-kT)z ¥ = —1 =T S 12-V/T —2_1 3
k0 l=-2 | (1-z ) ' (1-z 7)
1 - (1+T)2"} »f'r;“/'r"l
= 3 = F(z). (147)
(1-z )
Combining these results, we evaluate {145) as
1 -1
H,(z,,2,) = ———— [F(z,) ~(z,/2,) F(z,)], (148)
2'%)10 % "‘"1/’2)1 2 /%2 1
or
2 2 _
(1-211) (z;’-(1+'r)z;2+'rz;“/'r)‘z)-(1-z;1) (le—(l+T)zlz+Tzl(l/T) z)
Hz(z,,zz)= .

(") (-7 (-5

The factor (z;l-z;l) in the denominator may be divided out to give

(149)
Plz(zl . zz)
1= 00 (2425 ") + ezmizt eyt + T g T /T /D100
) 2
-1 -1
(l-zl ) (l--z2 )
T(z;“/T)‘li»z;“/T)z;l«h .o +z;zz';(l/T)+l)

(l -—z;

Examination of (150) shows that Hz(zl, zz) can be represented as an interconnection of

+

2 . (150)

linear sampled-data systems, although this realization will be rather complex, par-
ticularly for small T.
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Vil. TIME-DOMAIN SYNTHESIS TECHNIQUE

7.1 IMPULSE-TRAIN TECHNIQUES IN LINEAR SYSTEM THEORY

An important feature of the use of the couvolution or superposition integral in linear
system thieory is the possibility of impulse-train techniques.27 The input-output relation
for a linear time-invariant system may be given by the convolution integral

$00
y(t) = S h{r) x(t-r) dr, (151)
-0
where x(t) is the system input, y(t) is the output, and h(r) is the unit impulse response
or kernel of the system. A generalized expression is

. +00 -
y ™ = (77 nm gy W) ar, (152)
-l
where m and k are positive or negativ 2 integers, with f(k) {x) representing the kth deriv-
ative of f(x) if k is positive and the kth successive integration, as in (153}, when k is
negative.

f {(x) = f(y) dy. {153)
. =00
If some derivative of h(-) or x(.) yields only impulses, evaluation of (152) becomes
very simple. This technique is useful in the evaluation of (151), in finding the transform
of h{-), and in finding approximants to h{-), and is thus extremely useful in the synthesis
of a linear system when h(-) is given,

7.2 GENERALIZATION OF IMPULSE-TRAIN TECHNIQUES TO NONLINEAR
SYSTENMS

We shall now demonstrate the use of impulse-train techniques for nonlinear systems.
Consider a nonlinear system for which the input-output relation

+00 " $00 .
yit) = S‘ .o 5‘00 hn(Tl. ceus 1'n) x(t—fl) .o X(t—Tn) d*rl ‘e .dtn " {154)

-0

applies, where x(t) is the input, y(t) the output. and hn(Tl. cees Tn) the kernel of the sys-
tem. This relation may be generalized just as in the linear case to give

+00 400
yit) = g 5 h:lm)(Tl,....Tn) x(k,(t-‘rl)... x(k,(t-‘rn) dr)...dr . (155)

-00 -0l

Here the superscripts x(+) have the same significance as in (152), and m +k = 0,
We define
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a“‘“hn(fl. ooty

(m)
h (TyreeerT ) =
n 1 n 31'::'...81";ﬂ

- for m positive. For m = =1, we define

(=1) . Svn S-'rl
hn (Tl""'Tn, = oo s o hn(ﬂlp--a'ﬂn) dﬂl ...dﬂn. (l56)

For m any negative integer, h:)m)(Tl besen 'rn) is found by repeated application of (156).
Although (155) is true for any n, it appears to be most useful for n = 2, since we may

often use graphical techniques in this case. Examples of the use of (155) for calculation

of kernel transforms and synthesis of a given kernel for second-degree systems are

given below.

7.3 EXAMPLES OF THE USE OF IMPULSE-TRAIN TECHNIQUES FOR
'SECOND-DEGREE SYSTEMS

Example 12

Consider the second-degree kernel given by

hz(T‘rTz) = u_l(Tl) u-l(l-'rl) u-l(TZ) u_l(l'7z) (157)

and sketched in Fig. 37a. Form the partial derivatives with respect to 8 and then with

respect to r,. This may be accomplished either graphically or analytically, with the

following result:

ahz

'5-1,—]- = [uo('rl)-uo(l-vl)] u_l(vz) u_l(l-Tz)
(158)

o%h, .

r—-——TzaTl = zo(vl) UO(TZ) - uo(-rl) uo(l--rz) + uo(l-*l) uo(l-rz) - uo(l-fl) uo(fz).

These partials are sketched in Fig. 37b and 37c. A type of singularity which we shall
call an "impulsive fence" occurs in the partial with respect to 8 (Fig. 37b).

The four impulses of the second partial can be realized as shown in Fig, 38a, and
combined as a sum to give the system of Fig. 38b, which is a realization of the second
partial. Simplification yields the equivalent systém shown in Fig. 39. Precascadirg
an ideal integrator, as in Fig. 40, yields a system which realizes the original kernel.
Note that only one integrator is required, although two differentiations were performed.
Simplification yields the system of Fig. 41. Of course, in this simple example, we could
have found the system of Fig. 41 directly from the expression for the kernel (157).

We may also use this technique to obtain the kernel transform, ¢s in Eqs. 159 and 160,
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1 (a)

Avantincdisrdiyds

T2

(b)

-1 T2
”
..... /

(c)

Fig. 37, The kernel of Example 12,
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8%n,
Fig. 38. Realization of T 9. of Example 12,

1772
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© T T RO

— .

92h

Fig. 39. Simplified realization of -é;—a%l of Example 12,
2

e h—A delay »9 0

s

Fig. 40. Realization of the kernel hz(-rl, T,) of Example 12,

—— k(t) r‘"“"’

Fig. 41. Simplified realization of the kernel of Example 12,
with k(t) = u_x(t) u_l(l-t).

since the transforms of the components of the singular kernel of Fig. 37¢ can be writ-
ten by inspection. Factoring the transform expression of (160) to separate variables, we
obtain the transform expression (161). The systera of Fig. 41 is recognizable from this

form also.
Bzhz -8, =8, --sl =S,
Bror, T —lte e "-e "-e (159)
271
-8 -f -f -8
1 2 1 2
l1+e e -e -e
hz..—. as; (160)

-8 -8
1 2
e )(l - \ (161)

={1l-=
Hz(sl' SZ) nd ( sl sz /o
Example 13

Consider the second-degree system characterized by

hz(‘rl,-rz) = (l-fl--rz) u_l(l-vl-fz) u_l(vl) u_l(fz) (162)
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Fig. 42.

(a)

T2

(b)

T2

The kernel of Example 13,
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and shown in Fig. 42a. Partial differentiation of this kernel yields

- t &h
( 'a'rf = mu_y(ler =r,) u_ (7)) u_) (r)) + (1=7,) u_ (b=7,) u_,(r,) u(r))

o’h, (163)
éf ‘ arzafl

= uo(f-Tl-Tz) u—l(Tl) u_l('rz) - u_l(l-fl) u_, ) uo(-rz)

- u_l(l-rz) u_l(fz) uo(rl) + uo(fl) uo('rz).

 These partial derivatives are sketched in Fig. 42b ani 42c.

Let us find tiie transform of the kernel (162). We shall look at the derivative (163),
taking each term separately and summing. The transform of the second partial deriva-
tive is thus

x_l-e.l_l-es"z esl--e82
CH s, 8, - 8,

Simplification yields

] BTG R (BT

8,8,(8,-5))

as the transform of the second pz1tial, and hence we have

Fig. 43, The kernel of Example 14,
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Fig. 44.

The kernel of Example 14.
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gf(l—sz-e z)-sg(l-sl-e l) y
H,(s,,8)) = . - (164)
e ‘f“g‘sz’sl’

Example 14

Consider the kernel given by
hylr 1) = (=] 7p=m, ) u_jid=| v =r, ) u_j(r)) u_, (r)) (165)

and shown in Fig. 43. This kernel may be differentiated as shown in Fig. 44a and 44b.
The transform corresponding tc Fig. 44b is

"81 -SZ -Sl -SZ

2 l1-e 1 ~e e e
. - - —_— . {166)
sl + sz sl s2 sl + 52 sl + 32

Simplification and division by s 1 and s, yields the kernel transform for (165):

-8 -8
-sg(l-sl-e l)-s'f(l-—s;_--e Z)

H, (s,,8,) = - . (167)
rARS Sas ] 22
slsz(sl+s?_)

We see by inspection of this transform expression that the kernel is realizable by a

. J[j

Fig. 45. Realization of the kernel of Example 14,

g

o

Fig. 46. Simplified realization of the kernel of Example 14.
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finite number of lincar systems and multipliers. An equivalent but uneymmetrical kernel

t}ansform is

-sl
» 1 1 & ts -1 2
H(B,S)f-‘—---—- v 8, ¢ e————, (]68)
271’72 sl 32 8; 2 sl+sz

This kernel can be realized readily with only one multiplier as shown in Fig. 45 and in
simplified form in Fig. 46.

7.4 REMARKS

Some important observations can be drawn from these examples. From the kernel
transforms of these examples, we can see that the kernels of Examples 12 and 14 are of
the cluoo Uil can be realiced exactly will a fiuile number of linear systems and multi-
pliers, while the kernel of Example 13 (considered also in Example 3) cannot be realized
with a finite number of linear systems and multipliers.

We might attempt to approximate an arbitrary kernel hz(-rl. 12) with planes, so that
we could differentiate with respect to Tl and T, to obtain a new function consisting of
impulses and impulsive fences; if we could find a system that realized this singular
kernel, then the original kernel would be realized by this system cascaded after an ideal
integrator. Manipulation of the resulting system as in Example 12 might lead to a quite

simple realization,
7.5 REALIZATION OF IMPULSIVE FENCES
Exactly Realizable Impulsive Fences. Example 13 shows, however, that not all impul-

sive fences are realizable with a finite number of multipliers and linear systems. In
fact, a little reflection shows that the only impulsive fences that can be realized with one

_.

Fig. 47. A system whose kernel is an impulsive function,

"wgr

multiplier and linear systems are those that lie along lines intersecting the T) Or T, axes
at a 45° angle, or along lines parallel to the axes. Such an impulsive fence is

f(-rl.vz) = uo(Yl-Tz) u_l('rl) u_l('rz) (169)
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which has the transform

F(sl. 8,) = (170)

;

This is realizable as shown in Fig. 47. , ,

A unit impulsive fence passing through the origin of the T Ty plane at any other
angle will not be realizable with a finite number of linear systems and multipliers. . For
example,

g(-rl.fz) = uo(fl-arz) u_l(-rl) u_l(fz) (171)

has the transform

- 1
G(Bl. sz) vl (172)
2 1
Approximation Realization of Impulsive Fences. The impulsive fence
e.sl - e-sz
Uoll=my=g) Uy (7y) ¥y (mgd o= =5, (173)

of Example 13 lies perpendicular to the 45° lines and thus cannot be realized exactly with
linear systems and multipliers. We can, however, realize this impulsive fence approx-
imately by means of an appropriately weighted set of isolated impulses occurring on the

same line in the r T, plane.

ll

Ts m

Fig. 48. Approximation of an impulsive fence.
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Partition the line T T 1 into intervals of length T as shown in Fig. 48, so that
the end points of the intervals fall at the points (kT,1-kT), k=0,...,1/T. At each of
these points we place an impulse whose area is equal to T times the amplitude of the
envelope of the impulsive fence at that point, Hence we have

1/T ‘
i 'I‘uo(‘rl-k'l') u0(72-1+kT) A ' (174)
k=0

as the proprzed approximation to the impulsive fence of (173). The transform of (174) is

A -lc'I’ssl -(l-k’I’)sz -8, ILT -kT(sl-sz)
Te e =Te 2 e . (175)
k=0 k=0
We can write the expression on the right in (175) in closed form as
-(3,-8,)(1+T)
-8 1 72 -3 -(g,=~8,)(1+T) T
Te 21:€ e 2(1-e 172 ) : (176)
~T(s,~s,) -T(s,=~s,)
1 -e 1 72 ] -e 1 72
As T - 0, by l'HSpital's Rule, we have the limit
-3 -s
2 1
€ -t
e (177)
817 %

Thus, to approximate this impulsive fence, we need only isolated inpulses along the
line of the impulsive fence, weighted according to the envelope of the impulsive fence.
Other impulsive fences may be approximated in exactly the same fashion,
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VI, ANCILLARY RESULTS

8.1 TIME-INVARIANT SYSTEMS AND TIME-VARIANT SYSTEMS

Physical situations can sometimes be modeled with either a time-variant system or
8 nonlinear system, according to the viewpoint one adopts, There is a very close con-
i nection between time-variant systems and nonlinear time-invariant systems, as we shall

point out.
RE—
ul(t) - e H, —
’ -
’ -y
|
x,(t) - o K, —

Fig. 49. Configuration for cross-term output.

Consider a second-degree system characterized by the symmetrical kernel hzhl. T

)
2
with input x(t) and output y(t). The input-output rclationship is given by

yit) = SS hz(Tl, 1-2) x‘t-Tl) x(t-rz) drldv'z. (178)

Consider the configuration of Fig. 49 The three systems are identical, and the inputs

and outputs are combined as shown. After scaling the gain by a factor of one-half, we
obtain the output

yit) = SS‘ hz('rl, -rz) xl (t--rl) xz(t-fz) d-rldfz. (179)
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Now luppose that we let x,(t) = uo(t) and keep x,(t) arbitrary. The output now
becomes ‘

y(t) = S‘hz(fll‘) xl(t"fl) d"'l- (180)

That is, by application of a timing pulse xz(t). with second-degree time-invariant sys-
tems we have precisely the situation encountered in a linear time-variant system. The
restriction as to the class of linear time-variant systems may be represented in this
way or determined by the kernels hz(-rl, v,) that we permit. We could also choose the
input xz(t) in other ways, for example, an impulse train or other periodic signal; we may
choose to make xz(t) random in order to model a randomly time-variant situation.

We have assumed in (180) that the kernel hz(-rl. T,) is symmetrical; however, if we
are able to identify in a realization of the second-degree system which portions are
identified with ) and which with Ty then the requirement of symmetry is not really
necessary, For example, in Fig. 50, if the upper branch is identified with o) and the
lower branch with Ty, We may apply xl(t) and Xy (t) as shown to obtain a time-variant
system without the restriction to a symmetrical kernel,

xl(t) - k.(t)

CX)._._ kc(t) S — y(t)

xz(t) — kb(t)

Fig. 50. A linear time-variant system.

Thus, if a time-variant kernel h(+, t) is given, we can realize h(-rl. 1'2) as a second-
degree nonlinear system using any of the properties or techniques of the preceding sec-
tions, but keeping track of which parts of the realization we wish to identify with ™ and
which with Ty then application of a timing pulse or signal to the Ty branches and the
input x(t) to the 1-l branches yields a realization of h(r, t).

Second-degree time-variant systems may be obtained from third-degree time-

invariant systems from the configuration shown in Fig. 51. The output is given by

V(t) = SSS h3(Tl’ Tz: 73) xl(t"Tl) xz(t"'fz) x3(t"1’3) dTldedT3. (181)

17
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ﬂl(t) amme——

xz(t) - "3 -
Xa(t) -
— My ‘“d)‘““ ]
e b o H3 -
“3 -—
-,
w,
H3 ———G-M}-
LT/
H3 —
—{+ R, -—

Fig. 51. Configuration for cross-term output.

If we allow xl(t) = xz(t) to be arbitrary, but make "3“) = uo(t), we obtain

yit) = SS h3(7l. *rz,t) x(t-'rl) x(t-72) d‘rld*rz, (182)

in which we have dropped the subscripts on the input x(t), This can be interpreted as
representing a second-degree time-variant system. Other variations are also possible,
and, with rapidly increasing complexity, we may consider higher degree systems too.

8.2 RELATION BETWEEN INTEGRAL AND DIFFERENTIAL CHARACTERIZATIONS
OF NONLINEAR SYSTEMS

Consider the nonlinear system shown in block diagram form in Fig. 52. N 1’ NZ' and

N, are linear systems, and N4 is a multiplier. The behavior of the system can be

3
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3

characterized by the set of Eqs. 183-186.

dz(t) '
—3 +ez(t) = x(t) : (183)

dw(t)
dt + bw(t) = x(t) . (184)

dlyt  dy(t dr(t) . 4
dtz +d at + ey(t) = cr(t) +—a't—- {185)

r(t) = w(t) z(t),

(186)

where x(t) is the input, y(t) is the output, and w(t), z(t), and r(t) are the inputs and out-
put of the multiplier, as shown in Fig. 52, Equations 183-186 describe the behavior of

Nl through N 4 We shall assume that all initial conditions are zero.

z(t)
S a———— Nl
r(t)
o N
2 w(t)

Fig. 52. A simole nonlinear system.

We would like to find a differential equation relating y(t) and x(t); that is, we would
like to eliminate w(t), z(t), and r(t) in Eqs. 183-186. In order to do so, we shall
extend the domain of definition from a line to a plane, and look along the 45° line in the

plane.

: o : :
Define ?(tl,tz) = w(tl) z(tz) and y(t;.t;) such that y(t) is 9(t1’t2)ltl=t2=t’ Substitute

tl for t in ()84) and tz for t in (185). Then multiplication of (183) and (184) and use of
the definition of T(t;.t,) yields

o2y, ty)  oftLt)  afi.t)
3t ot +a: at +b Bt + abr(tl,tz) = x(tl) x(tz). (187)
2771 2 1
79
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In order to express (125) in terms of 9“1' t,) we must find an expression for dy(t)/dt in
- terms of §(tl.tz). Since 9(t,t) = y\t), the desired derivative will be the directional
derivative of 9(tl.t2) along the line t, = t,, scaled by the factor NZ to obtain the proper

rate of change. The directional derivative is given by the dot product of the gradient of

9“1"2’ with the unit vector in the direction of the 45" line, Hence we have the corre-

spondence
dy(t) 8g(t,,t,) 8%, t,)
- VT Ve - (L, L) - S L2 (188)
, NZ NT 1 2
Repeating this operation, we find the correspondence for the second derivative,
a2y (t) 0%5it. .t o%fit,.t) 9%, .t.)
12’ 1’2 1’72
7 3 +2 T T 5 . (189)
dt atl 271 ot,
By using these results (186) can be extended to
2A 2A 2A
8y °y 98§ oy F . of 8
+2 +dx—+d=— +e¥=cr + 2L+ 25, (190)
Mf at,at, atg at, at, at, " at,

We must now combine (190) and {187) to eliminate ?(tl.tz). This may be accomplished
as follows. Take the partial of both sides of (187) with respect to tl to obtain (191), and
with respect to tz to obtain (192).

in 2a 2A A dx(t,)

TE et +b il an 30 - L xty) (191)
at, ot 2% ot 1 %

2% 1

3 2a 2a A dx(t,)

S tallep B 4o .52 (192)
stzet, oty bt,dt - 2 2

Also, we take the partial of (190) with respect to tl to obtain (193), with respect to tz to
obtain (194), and with respect to tl and tz to obtain (195).

8% 8%  adp 8% 8% 89  op 020 o2
yt2——Ft——td—tdgpr te g =S5t Yot et ot (193)
at at ot  atlat at 2% 1 1 9% 9ot
1 29ty 8ty8t, 1
a%§ ) % %% o oY) 0§ a2 a2 o
+ +—+d +d tes—zCcoi + o + — (194)
3 z 7 td 5 7 test at, Bt ot 2
81,0t  atoat, oty 21 el 2 2 9%%) gl
4 4 45 3A 3a 2
'y 8’y 'y a°y 8°¢ 8°¢ 92p 832 93p
e R T atdor. | 4 orott | atder. | C BEEE “uter Y g2ty T
2% 20t 9ty8t 2% 29 t,0t)  9t,dt,
(195)
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Next, multiply through (187) by c, and add the resulting equation to (191) plus (192).
Multiply through (194) by a, (193) by b, and (190) by ab, and add the sum of these new
equations to (195). We then can write

dx(tz) dx(tl)
cx(tl) x(tz) + x(tl) dtz_ + dtl x(tz) =
ia 3a 2 2A 2A
BE 4 L fasbre) 50 ft +b2L4a0 1, (ab+bc)—5°tf- + (ab+ac)—§f— + abef
8t ot at, ot 21 at ot 1 2
2771 2 1 e | 2
843 o'y ot§ 2% ’F 0%
= 3 +2 53 + 3 + (a+2b+d) 3 + (2a+b+d) 3 +b 3
+
atzatl atzatl 8t28tl 8t28t1 8.28tl Btl
03? a2 a2 829
+ a —=— + (ad+2ab+ba+e} ——=— + (ab+bd) —5 + (abtad) ——
3 at, ot 2 2
8t 2771 ot ot
2 1 2
oy o o
+ (abd+be) —— + (abd+ae) 57—+ abey
or
849 84§ 349 83/\ 83? 83?
3 +2 73 + 3 + (a+2b+d) 3 + (2a+b+d) 3 +b 3
atzatl 8t26tl 8t28tl Otzatl Btzatl atl
93§ a%$ 02§ 2%
+ a — + (ad+2ab+bd+e) =——=— + (ab+bd) —5 + (ab+ad) —5-
3 at, ot 2 2
atz 2771 Otl atz
8y 8§ A
+ (abd+be) -5—;1- + (abd+ae)-8—t—z—+ abey
dx(tz) dx(tl)
= cx(tl) x(tz) + x(tl) dtz + dtl x(tz). (196)

We have thus obtained a single differential equation relating y(t) and x(t). The equa-~
tion is a linear partial differential equation with constant coefficients.

This linear partial differential equation is particularly well suited to solution by
means of the two-dimensional Laplace transform. Taking the transform of each side,
we find

2

3 2.2 3 2 3 3
[s1324>Zsl:|2+sl:sxz+(a+2bfd)slsz+(2:¢+b+d)sls‘,_i'bsl+asz+(ad+2:-xb+bd+e)alsz

+(ab+bd)af +(ab+ad)s§_+(ébd+be) s, +(abd+ae) sz+abe]§'(sl 8,)

= (s, #3,+c) X(s)) X(s,).
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Factoring the polynomials in this expression and solving for i}(sl. 8,), we have

] +824'c

1
(alfb) (szi—a)[(sl +sz)2+d(sl +sz) +e]

s, 5,) = X(s,) X(s,). (197)

We now note that

8, +8

1 z+c

Hy(s).8,) e

(sl +b) (sz~l-a)[(sl +sz)2+d(sl +sz)+e]

is the transform of the Vclterra kernel, hz‘*x' -rz). of the system of Fig. 1 when the sys-
tem is characterized by the integral equation

yit) = SS hZ(Tl. -rz) x(t—'rl) x(t-fz) d-rld‘rz. (198)

In fact, taking the inverse transform of (197) we have
S"ul.tz) = Sg hy (7}, 7,) X(t;~7)) X(t,-7,) dr d7,

from which (198) follows by setting t, =t =t

From this example the following observations may be made.

1. Given a system of equations that are the dynamic description of a nonlinear sys=
tem, by extending the domain of definition from one dimension to two dimensions, we
were able to find a single linear partial differential equation that also characterizes the
system. That is, by extending from one dimension into two dimensions, a one-
dimensional nonlinear problem was converted into a two-dimensional linear problem.

2. Equations 183-186 and Eq. 198 describe the same situation. A system that is
characterized by a single integral equation is equivalently described by a set nf several
ordinary differential equations and a nondifferential equation. A description by one non-
linear ordinary differential equation does not seem to be possible.

3. Whenever a system is characterized by an nth-degree Volterra kernel having a
rational transform, a linear partial differential equation with constant coefficients can
be found which relates the auxiliary output function 9“1’ ceos tn) to the input function x(t).
If the kernel is of the class that can be realized exactly with a finite number of linear
systems and multipliers, then an equivalent description by a set of ordinary differential
equations and nondifferential equations can be found.

Although the example and observations presented here have no* yet led to the solution
of any problems that cannot be easily handled by other methods, it is felt that the view-

point presented is unique and may lead to a deeper understanding of the properties of
nonlinear systems.
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IX. CONCLUSION

We have studied some techniques for the synthesis of nonlinear systems. The sys-
tems considered are those that can be characterized by a finite set of Volterra kernels:
{hn(vl. cees vn): n=0,1,2,... .N}. The approach adopted throughout has been to consider
the kernels one at a time, using as basic elements ir. the synthesis linear systems and
multipliers.

We have presented a procedure for testing a given kernel tr.nsform to determine
whether or not the kernel can be realized exactly with a finite number of linear systems
and multipliers. The test is constructive. If it is possible to realize the kernel exactly,
a realization is given by the test; if it is not possible to realize the complete kernel
exactly, but it is possible to break the kernel up into several lower degree components,
this will also be discovered by the test.

An extension to nonlinear systems of the impulse-train techniques of linear system
theory is given. Although applicable in principle to higher degree systems, the use of
impulse-train techniques as graphical methods is effectively limited to second-degree
systems.

The use of digital systems is recognized as a powerful tool in modern system theory.
We have developed properties of sampling in nonlinear systems, in order to facilitate
the use of digital techniques in the synthesis of nonlinear systems. Bandlimiting in non-
linear systems is discussed, and delay line models for bandlimited systems are given.

The transform analysis of nonlinear sampled-data systems by means of the multi-
dimensional z-transform is presented. Computation algorithms for input-output com-
putations are given for direct computation from the multidimensional convolution sum,
from the associated partial difference equation, and from a decomposition of the non-
linear sampled-data system into linear sampled-data systems.

A relationship between time-variant and time-invariant systems is presented, in
which time-variant systems are shown to be related to time-invariant systems of higher
degree. This enables one to use for linear time-variant systems the properties and
techniques developed for second-degree time-invariant systems.

A note on the multidimensional formulation of nonlinear systems from the differential
equation point of view is given; it is seen that some nonlinear problems in one dimension
can be mapped into a linear problem in a higher dimensional space.

As with linear systems, the problem of the synthesis of a nonlinear system is the
problem of finding a finite.dimensional state space in which the system may be
described. One expects that an attack on the problem directly from the state space point

of view may be fruitful.
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APPENDIX A ‘

Proofs of the properties of z-transforms given in Chapter V are given below.

A1 Proofofs gl

0 00
. °kl ‘kn
Z Z f[(k‘-b‘)'r.....(kn-bn)'r]zl PR N
kyr=o  kj=-o
-b b 3 -(k,=b,) ~(k_=b )
1 n R 1™ n n
=z, ...z Z Z f[(kl—bl)'r.....(kn b )T) z) ez
kna-w kls—oo
-b -b -
1 n
=z, coe Zg F(zl.....zn)
A.2 Proofof5.a.2
00 4
-a,k. T -a k T -k -k
171 nn 1 n
Z Z e P f(le.....knT)zl e 2y
kn-—m kla-m
= o a,T -k, a T -k,
= Z Z f(le....,knT) e z, I ) z,
knz—m kl:-ao
a,T aT
-F(e 1 zl.....e" zn)
A.3 Proofof 5 a.3
o0 Q0
-k -k
-Tz. =2~ 1 n
'I‘zi 8zi Z . Z f(kl’l‘.. .kn'l‘) z, zn
kn:-w kls—w
o xR
-k -k
9 | n
= Z Z (-T)f(le.. .knT) 2 Mi [ ) .- 2, ]
kna-ao kla-ao
Q0 ]
~k ~k
1
= Z Z lef(le.. .knT) z, 2z, Mg Tif(Tl"" .7n)
kns-w kla-ao
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.4 Proof ¢f5.a.4

H(zl.... .zn) = z
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5 e
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00 00
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o 0 ® o0
= Z z f(le.....knT) z z
kn'-co kll-ao pnt-m pla-oo
‘pl ‘pn
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= Z z f(le'. e .knT) zl G(zl'
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APPENDIX B

Proofs of the properties of modified z

-transforms given in Section V, and the details
of Example 6 are presented here.

B.1 Proofof 5.b. 1

' -k ~k
. : - -1 _ -l 1 n
2 z ik, T-4; T-(1-m )T, ...,k T ApT=(l-mT] 2z, " .., 2
kn:-ao klz—:o

-1 - ko -k
Zl ss e zn 2 LY S f{le-[l°(l+ml-Al)]T,...,knT-[l-(l"'mn"An)]T}Zl " aes Zn n
kntow l=-:o

- -1 .
22 ..oz, Fm(zl.l+ml-Al;...;zn.l+mn-An) for OSmi<Ai<l. i=1,...,n

For 0 € Ai < m; < 1, we may write the left side of the equation above as

S i -k -k

1 n

et tle) T-[1~(m -a,]T,... kg T={1=(m 4T}z, ~ ... 2
knz-ao l=-Jo

= Fm(zl.ml-AI;o oo Zn, mn-An).

For shifts equal to an integral multiple of T, the proof of this property is the same as
that given above for the ordinary z-transform,

B.2 Proof of 5.b, 2

0 X ~
S- S- e—al[klu-(l-ml)T] e—an[knT-(l-mn)T]

s f[le-(l-ml)T,...,knT-(l-mn)T]
k =-» kl::-w

al(l-—ml) an(l-mn)
= e vos € f[le—(l-m‘)T,...,knT—(l-mn)T]

k ==» kl=—20
a,T ki aT Ykn
i e zl v e e zn

n
a,(l-m.) a (l-m) aT aT

- 1 1 n n 1 . .o n

= e ves € Fm e zl,ml.....e z,m /.
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" B.3 Proof of 5.b. 3

8 0 ‘ | --kl =k
Z Z [k,T-(1-m)T] f[k, T-(1-m ) T,... ,k T-(1-m)T] 2z, " ...z "=

kna-oo kls-oo

00

kns-oo klz—ao

n
‘21 s zn

8 L[] .
= T[(mi-l) Fm(zl'ml"’ o} zn.mn) -z 5——21 Fm(zl.ml.. ceiZps mn)].

B.4 Proof of 5.b. 4

When i‘(1-l ye e .Tn) is continuous from the right in each of the variables,

S k) “k,
e z f(le-T.oao .knT'T) Zl se zn

o8

lim Fm(zl,ml;. 0 el zn,mn)
m. =0
1 kn=-ao klz-—co
i=l'lb .n
-1 -]
-zl L ] zn F(Zl,...,zn)-

When f(1~l seee .Tn) is continuous from the left in each of the variables,

-k -k

i . . = 1 n
n?-rfl Fm(zl’ml“"’zn'mn) = Z Z f(le,....knT) Zy .. 2
i kn=-:o kl.—.-co
i=1l,...n

= F(zl.....zn).
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B.5 Details of Example 6

o Direct Transform:

[
3
Flz,,2,) = z ‘(l-e""“"'m '")(zlzz)'k
: k=0 ,
o0 o *®
~2T(k,+m*=1)) =(k,+k,) -k
+Z z ("e : )'112222
k‘=l kz=0
-ZT(kl+m*-l) -k, =(k,+k;)
2 Z Z, %

=l k =0
= = s % ey e Wi ot =1
l--zlz2 l~e z, 2, l-zl l-zz

* Y
- o~2T(m =1) -1 =1/ =2T _=2T(m ~1)
l-e -2,z (e -e )

(1-e72T2]125 1) (27" ) (1-23")

Inverse Transform:

1 1 l -12T -2 -2 -18T -3 -3
— T = l+e z t+e z, +e z2,72,7+. ..
l-e 6’1‘211221 l-e Tzll 1= 3T ( %2 %2 1 72 )

. T =1, 2T =2, =3T =3 =3T =1, =6T -2, =-9T =3
(l+e zy +e zl +e z, +...)(l +e z, +e z, +e z, +)
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APPENDIX C

Proofs of properties of the transforms of causal functions in Section 5.3 are given
low. '

1 Proofof 5.c.1

For causal t(-rl yeoen Tn) we have

0 00 00
z V --kl -k
F(Zl.....zn)- L ‘,-J f(le.sz'.c-knT) Zl Zz [ Zn .

kn=0 k2=0 kl=°

ien

[- ] [ -]
) "
lim F(zl.....zn)= Z Z f(O,sz....,knT) Z, ..oz o

Z , =00 ot -
1 kn—O kz-O

For Zyserer2, @ similar relation holds. Hence

n

lim F(z,,...,Z ) «#—e lim f{r.,...,T).
20 ] n s 1 n

2 Proofof5.c.2

'l"'T,Tz.....Tn) ’f‘Tlo---»'rn) e

L) P
-k, -k
lim Z Z Z [f(le+T,sz,...,knT)-f(le.....knT)]zl ceeZy e

ie expression on the right may be written

© tp | -k, -k, -k
Z Lim Z (£, T+T, k, T, ook D=1l Toe ok T 2y 2, &l 2y
00 kz=.-eo P kl=-p

n

'8

For 2y = 1, the inner sum is
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0 :
;i.:‘; [‘(le*Tp sz. oo .knT)-f(le, se 'knT)]
< kl--p
+p
+ z [f(le+T.k2T,....kn'l‘)-f(kl'r....,knT)]
k, =0

- I‘T.sz. ves pknT) + f‘o.szl 00 'kn'l')s

These sums telescope, to give

;ir: flp+N Tk, T, ...k T = 10,k Ty ook T) + ([(1-p Tk, T, oo ke T

+ t(T.sz' oo .kn'l') - ‘(Tpsz' L ,knT) + f‘op szp ¢ oo pknT).

Now since f(r preees -rn) is causal by hypothesis, this becomes

lim f[(p+NT,k,T, ...,k T].
p—» |

Hence, if this limit exists,

lim f(+,,..., 1. )e— 1lim (z,~1) F(2,,...,2.).
"l"” 1 n zl"l 1 1 n

A similar relation nolds fori=2,...,n,

C.3 Proof of Eqs. (84) and (85)

We prove only Eq. 85 from which (84) follows also by 5.b. 4,
Define 5T"1' coos Tn) by

(-] - ]
Sp(Tyreees ™ = z “o"'l‘kxT) ves Z uo(vn—kn'r) .
kl=° l‘n=0

Then the Laplace transform of 6plTyseeesT) i

n 1
AT(slglco.sn)-.- I:I -s-_Ta
i=1 1 i
-e
For causal f(-rl seens -rn) we may write the modified z-transform Fm(zl.ml;. .. ;zn,mn)

as the z-transform of

« .
f (fl.ml; ceed Th mn) = f(fl-Ti-mlT, oo .fn-T+mnT) 6T("'l' oo .-rn)

= f(?l +ml T-T,..., vn+mnT—T) 6T(?‘—T. eess 1'n-T).
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t 1;. clear that l*""(sl veons sn). the Laplace transform of f‘(f‘ seens ‘I’n). evaiuated at
)
B z, i=1,...,nis the z-transform of f*(vl, mp... T, mn). The Laplace trans- -
orm of a product of functions results in the complex convolution of the Laplace trans-
orms of the factors. Now the Laplace transform of f(11+ml'l‘, . rn+m n'l') is

-,ml'r s.m T

. nn
e luoe F(sl.....sn).

vhere F(sl. cees ln) is the Laplace transform of f(1'l so ey ‘rn). We then have

-slT -sn'l' e:;lml’l' s mT

by . . = nn
‘m‘zl.ml...-.zn.mn) ‘e ...t‘ oc‘e F(Bl,...,sn)

OAT(sl.....sn)

vhere @ denotes multidimensional complex convolution. This is the expression given
ixplicitly in (85). We note that in this expression, because of the nature of the Laplace
nversion integral,“ it is assumed that f(rl R § n’ is defined as the average value at

ump discontinuities.
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APPENDIX D ¢
Equations stated in Section V without proof are justified below.

D.1 Proof of Eqs. 116 and 117

We shall prove (116) for n= 2, The extension to the higher dimensional case is clear,

YT D = (5. ) § § KKy (e 2g) dydg

Let z = Z) 2,5 then dz = z) c.lzz and

Y(z)KT kT) = n) § § 27y m( )dz dz;

and hence

z
Y(z) = In] § (2)( l)dzl.

For the modified z-transform (117), we have

-l k,-
2"
Yylliy-14m )T ey=14mp)T] = (Gh ) § § 232 ¥ gyrnlzy myi 2y, my) dz,dz,

Setting kl =k, = k and m; = m, = m yields

y[(k-m+1)T] = (2 ) § §l” (lez)k-lY(z)m(zlm;zz.m) dz dz,.

From this point the proof follows that above for the z-transform, and (118) follows for
n = 2, The extension to higher dimensions is clear.

D. 2 Derivation of Eq. 118

- -1 1
Zm Jp ©1 AP T T 21 - -bT( )1

bT
1 ] e "z 1
A(z) m § —aT b L—- dz, = A(2) .
nJr z, -e al e Tz -z, 1 - e-(a+b)'l‘z-l

92



ACKNOWLEDGMENT

I would like to express my sincere appreciation to
Professor Y. W. Lee for his constant and careful guidance
and encouragement during my work at the Massachusetts
Institute of Technology. Special thanks are also expressed
to Professor Martin Schetzen and to Professor V. R.
Algazi for their support and suggestions in the course of
many hours of discussion. The support of the Research

Laboratory of Electronics is gratefully acknowledged.

93




7.

10,

11.

12,

13,

14.

15.

16.

17,

References

¢

Norbert Wiener, "Response of a Nonlinear Device to Noise,” Report V-168, Radia-
tllg‘n Laboratory, Massachusetts Institute of Technology, Cambridge, Mass,., April 6,
2, '

H. E. Singleton, "Theory of Nonlinear Transducers,” Technical Report 160, Research
Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge,
Mass., August 12, 1950,

A. G. Bose, "A Theory of Nonlinear Systems,” Technical Report 309, Research
Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge,
Masgs., May 15, 1959, ~

Norbert Wiener, Nonlinear Problems in Random Theory (The M.I.T. Press,
Cambridge, Massachusetts, 1958).

M. B. Brilliant, "Theory of the Analysis of Nonlinear Systems," Technical
Report 345, Research Laboratory of Electronics, Massachusetts Institute of Tech-
nology, Cambridge, Mass., March 3, 1958,

D. A. George, "Continuous Nonlinear Systems," Technical Report 355, Research
Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge,
Mass., July 24, 1959.

D. A. Chesler, "Nonlinear Systems with Gaussian Inputs," Technical Report 366,
Research Laboratory of Electronics, Massachusetts Institute of Technology,
Cambridge, Mass., February 15, 1960.

A, D. Hause, "Nonlinear Least-Squares Filtering and Frequency Modulation,"
Technical Report 371, Massachusetts Institute of Technology, Cambridge, Mass.,
August 25, 1960,

George Zames, "Nonlinear Operators for System Analysis," Technical Report 370,
Research Laboratory of Electronics, Massachusetts Institute of Technology,
Cambridge, Mass., August 25, 1960,

Martin Schetzen, "Some Problems in Nonlinear Theory," Technical Report 390,
Research Laboratory of Electronics, Massachusetts Institute of Technology,
Cambridge, Mass., July 6, 1962,

H. L. Van Trees, Synthesis of Optimum Nonlinear Control Systems (The M.I.T.
Press, Cambridge, Massachusetts, 1962).

H. L. Van Trees, "Functional Techniqiies for the Analysis of the Nonlinear Behavior
of Phase-Locked Loops," WESCON Convention Record, Part 2, 17.2, August
1963,

D. J. Sakrison, "Application of Stochastic Approximation Methods to System Opti-
mization,” Technical Report 391, Research Laboratory of Electronics, Massa-
chusetts Institute of Technology, Cambridge, Mass., July 10, 1962.

Y. W. Lee and M. Schetzen, "Measurement of Kernels by Crosscorrelation,”
Quarterly Progress Report No. 60, Research Laboratory of Electronics, Massa-
chusetts Institute of Technology, Cambridge, Mass., January 15, 1961, pp. 118-130,

M. Schetzen, "Measurement of the Kernels of a Nonlinear System of Finite
Order," Quarterly Progress Report No. 71, Research Laboratory of Electronics,
Massachusetts Institute of Technology, Cambridge, Mass., January 15, 1963,
pp. 122-130.

R. B. Parente, "The Analysis of Nonlinear Systems," Sc.D. Thesis Proposal,
Department of Electrical Engineering, Massachusetts Institute of Technology,
Cambridge, Mass., September 1962,

W. D. Widnall, "Measurement of a Second-Degree Wiener Kernel in a Nonlinear
System by Crosscorrelation,” S. M, Thesis, Department of Electrical Engineering,
Massachusetts Institute of Technology, Cambridge, Mass., January 1962,

94




L

te

b

Yo

K. L. Jordsn, "Discretr Representation of Random Signals,” Technical Report 378,
Research Laboratory cf Electronics, Massachusetts Institute of Technology, °
Cambridge, Mass., July 14, 1961,

Ming Lei Liou, "Nonlinear System Analysis and Synthesis,” Technical Report
No. 6554-6, Stanford Electronics Laboratories, Stanford University, Stanford,
California, October 1963,

M. Schetzen, "Synthesis of a Class of Nonlinear Systems," Quarterly Progress
Report No. 68, Research Laboratory of Electronics, Massachusetts Institute of
Technology, Cambridge, Mass., January 15, 1963, pp. 122-130,

George Zames, op. cit., pp. 69-70.

Eli Mishkin and Ludwig Braun, Adaptive Control Systems (McGraw-Hill Book Com-
pany, New York, 1961), pp. 142-147,

P, Alper, "Higher Dimensional Z-transforms and Nonlin:ar Discrete Systems,"
Electronics Laboratory, Department of Electrical Engineering, Technological
University, Delft, Netherlands, September 1963,

Athanasios Papoulis, The Fourier Integral and Its Applications (McGraw-Hill Book
Company, New York, 1962), pp. 29-30.

D. A. George, op. cit., pp. 33-36.

M. B. Brilliant, op. cit., pp. 32-33,

E. A. Guillemin, Theor; of Linear Physical Systems (John Wiley and Sons, Inc.,
pPp.

New York, 1963), 6-387.

95




UN
Secutity Classification

DOCUMENT CONTROL DATA - R&D

(osurtty elassiNeation of titte. body ol absteact and indeaing tafion must be d when the everall report is clessilied)
1. ORIGINATING ACTIVITY (Comperate auther) 20 AZPORT SECURITY C LASSIFICA Nou‘
Research Laboratory of Electronics |_Unclassified '
‘Massachusetts Institute of Technology ¥ None

3. REPURT TITLE
Some Techniques for the Synthesis of Nonlineat Systems

¢ DESCRIPTIVE NOTES (Type of report and inchusive detes)

Igghnj,ga,] Bgegrt
8. AUTHONR(S) (Laat namé. firat neme, initial)

Bush, Aubrey M.

¢ REPORT DATE 70 YOTAL NO. OF PAGES 78 N0 OF AEFS
March 25, 1966 112 27
0a. CONTRACT OR GRANT NO 96 ORICINATOR'S AEPOAT NUMBENS)

Contract DA36-039-AMC-03200(E)
» snosser no. 200-14501-B31F
NSF Grant GP-2495

NNAiS{AGa:‘n:ntM;[s-gfzgz-os ”» 31'."...:.:”°.' NO(S) (Any other numbers Bhat mey be sssigned

Technical Report 441

10 AVAILABILITY/LIMITATION NOTICES
The distribution of this report is unlimited

1. SUPPL EMENTARY NOTES 12 SPONSORING MILITARY ACTIVITY
Joint Servi c es Electronics Program
thru USAECOM, Fort Monmouth, N.J.

13 asstmact Some techniques for the synthesis of nonlinear systems that can be
characterized by a finite set of Volterra kernels are studied. The kernels are
considered one at a time, by using as basic elements in the synthesis linear systems]
and multipliers. We present a procedure for constructively testing a given kernel
transform to determine whether the kernel can be realized exactly with a finite
number of linear systems and multipliers. If it is possible to realize the kernel
exactly, a realization is given by the test; if it is not, but is possible.to break the
kernel up into several lower degree components, this will be discovered by the test.
An extension to nonlinear systems of the impulse-train techniques of linear sys-
tem theory is given. We develop properties of sampling in nonlinear systems, to
facilitate the use of digitai techniques in the synthesis of nonlinear systems. Band-
limiting nonlinear systems and delay-line models for bandlimited systems are
discussed. Transform analysis of nonlinear sampled-data systems by the multi-
dimensional z-transform is presented. Computation algorithms for input-output
computations are given for direct computation from the multidimensional convo-
lution sum, the associated partial-difference equation, and a decomposition of the
nonlinear sampled-data system into linear sampled-data systems. A relationship
between time-variant and time-invariant systems is shown, in which time-variant
systems are shown to be related to systems of higher degree, which enables the use
for linear time-variant systems of the properties and techniques developed for
second-degree systems. Multidimensional formulation of nonlinear systems from
the differential equation point of view is noted; some nonlinear problems {n one
dimension can be mapped into a linear problem in a higher dimensional space.

DD .. 1473 UNCLASSIFIED

Security Classification




T —

UNCLASSIFIED
- Security Classification T — —
1" REY WONDS neLe (1] L 1Y wy oL wy

nonlinear system synthesis
Volterra kernels
» impulse-train techniques
bandlimiting
delay-line models
sampled-data systems
. partial-difference equation
- time-variant systems
time-invariant gystems
multidimensional formulation

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address
of the c. ntrector, subcontractor, grantee, Department of De-
fense activity or other organization (corporate suthor) lasuing
the report.

20, REPORT SECUNTY CLASS'FICATION: Enter the oven
otl secur'tv classification of the report. Indicste whether
“Restricted Data’ is included Marking is to be in sccord
snce with sppropriste security regulations.

2&. GROUP: Automstic 1owngrading is specified in DoD Di-
rective 5200. 10 and Armed Forces Industirial Manual. Enter
the gioup number. Also, when applicable, show that optional
masicir.gs have been used for Group 3 end Group 4 a8 author-
ized.

3. REPORT TITLE: Entir the complete report title in al)
capital letters. Titles in all cases should be unclaesified.
If & meaningful title cannot be selected without classifice
tion, show title clasaificstion in all capitals in parenthesis
immediately following the title.

4. DESCRIPTIVE NOTES: If sppropriste, enter the type of
report, e.g., interim, progress, summary, annual, or final,
Give the inclusive dates when a specific reporting petiod is
covered.

S. AUTHOR(S): Enter the name(s) of suthor(s) as shown on
or in the report, Entes tast name, first name, middle initiel.
It militery, show rank end branch of service. The name of
the principal a:athor 1u an sbsolute minimum requirement.

G REPORT DATZL: Enter the date of the report ss day,
month, year, or month, year. If more than one dete appesrs
on the report, us» dste of publication.

7a. TOTAL NUMBER OF PAGES: The total pege count
should follow normet paginetion procedures, i.e., enter the
number of pages containing information

76. NUMBER OF REFERENCES Enter the totsl number of
teferences cited in the report,

B8s. CONTRACT OR GRANT NUMBER: If ppropriste, enter
the wpplicadble number of the contract or grant under which
the seport was writien

85, &k, & 84. PROJECT NUMBER: Enter the sppropriate
military department identification, such as project number,
subproject number, system bers, task ber, etc.

9e. ORIGINATOR'S REPORT NUMBER(S): Enter the offi-
«ial report numbar by which the document wilt be identified
and controlled Ly the originating activity. This number must
e unique to this report.

9b. OTHER RFEPORT NUMBER(S): If the report has been
susigned any other repert numbers (either by the originator
®r By the sponsor), also enter thia number{s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim
ttations on fwiher dissemination of the report, other then those

imposed by security classificetion, using standsrd statements
such as:

o
()

**Quelified requesters may obtain copies of this
report from DDC.'’*

“Foreign ennouncement und disseminstion of this
teport by DDC is not suthorized*’

“U. 8. Government agrncies msy obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through

&)

"
.

*U. 8. military agencies may obtain coples of this
report directly from DDC. Other qualiflied uesers
shall request through

“

“*All distribution of this report Is controlled Qual-
ified DDC usere shall request through

)

If the report has been furnished to the Office of Technicasl
Services, Depariment of Commerce, for sale to the public, inds-
cate this fact and enter the price, if known

1L SUPPLEMENTARY NOTES: Us: for sdditional explena.
tory notes.

12. SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental ptoject office or laboratory sponsoning (pay
ing (o1) the research and development. Include sddress.

13. ABSTRACT: Enter an abstract giving @ brief snd fectual
summary of the document indicstive of the report, even though
it may also appcar elsewhere in the body of the technica} re-
port. Il edditicra! space is required, 8 continuation sheet shall
be sttached.

1t 18 highly desireble that the abstract of classifed teports
be unclassified. Each parsgraph of the abstruct shail end with
on indication of the militery security classiflication of the in-
formation in the paragreph, represented as (T3). (3). (C). or (V)

There is no himitation on ths length of the mbatract. How-
ever, the suggested length is from 150 t2 228 wards.

14. KEY WORDS: Key words are technically mesningful terms
or short phrases thet characterize a report and may be used os
index entries for cetaloging the report. Key words must be
selected so that no security classification is tequired. ldenti.
fiers, such s equipment mode! designstion, trade name, military
project code name, geographic location, may be used ss key
words but will be followed by an indicstion of technical cun-
text. The sanignment of links, tules, snd weights 13 optional.

UNCLASSIFIED
Security Classification

Al . .

P L ) -



